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ABSTRACT 
Differential screening of a somatic embryo cDNA library for 
genes expressed during embryogenesis has disclosed a small RNA 
which I have named Tiny Up-regulated Protein (TUP). This mRNA is 
402 bp in length, is expressed during embryo formation, and reaches 
its highest accumulation in the flowers and roots of adult carrot 
plants. The mRNA is barely detectable in leaves. The accumulation 
of the TUP mRNA in seedlings is increased by auxin and by abscisic 
acid. The open reading frame encodes a tiny, uniquely structured 
protein of 6100 Daltons which has a pi of 5.3. Algorithms predicting 
protein structure suggest that this tiny, unique protein contains a 
leader sequence targeting it to the endoplasmic reticulum and 
potentially through the default secretory pathway. Database 
searches show homology to antibacterial and arabinogalactan 
proteins. Protein prediction algorithms also suggest that the gene 
product may be a GPI-anchored protein. Synthesized TUP protein 
did not affect the growth of bacteria or fungus, and the accumulation 
of the mRNA decreased in seedlings grown with a fungus. These data 
suggest that the TUP does not have a role in defense responses in 
plants. Antisera generated against the synthetic TUP protein reveal 
5 detectable proteins in leaf organs but none in roots. Only one of 
the 5 proteins is detected in flowers and at a much lower abundance 
than in leaves. Attempts to immune-precipitate these proteins has 
been unsuccessful to date. These data outline a very unique, tiny, 
acidic protein which is most likely secreted in some form to the 
v i  
extracellular matrix in plants. This protein could be anchored to the 
membrane through a glucosylphosphatidylinositol tether, or it could 
be 0-glycosylated at the abundant proline (hydroxyproline) amino 
acids and serve a function in wall formation. 
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CHAPTER 1: INTRODUCTION 
Differential screening of a somatic embryo cDNA library for 
genes expressed during embryogenesis has disclosed a small RNA 
w h i c h  I  h a v e  n a m e d  T i n y  U p - r e g u l a t e d  P r o t e i n  ( T U P ) .  T h i s  T U P  
mRNA is 402 bp in length, is expressed during embryo formation, 
and reaches its highest accumulation in the flowers and roots of adult 
carrot plants. The mRNA is barely detectable in leaves. The 
accumulation of the TUP mRNA in seedlings is increased by auxin 
and by abscisic acid. The open reading frame encodes a tiny, 
uniquely structured protein of 6100 Daltons. Structure and sequence 
similarity analysis suggests that the protein may function as 
antimicrobial proteins in plants. 
Genes which are regulated by plant hormones, in particular 
auxin, are currently being investigated because of their role in plant 
growth; however, none of these genes are very small (> 10 kDaltons) 
which makes the TUP gene a unique member in this developemental 
program. I will review in this chapter the physiological and 
molecular reports discussing the effect of two plant growth 
regulators (hormones) as well as the nature of several very small 
proteins and two biochemical classes of proteins which have 
members that are very small. 
Growth regulator action and interaction 
In this century, many compounds have been demonstrated to 
act as hormones in plants, notable among them are the auxins and 
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gibberellins. Kogl and Haagen-Smit were the first to isolate auxin A 
from urine, a waste product of animals, and demonstrate that it was 
sufficient to cause curvature in the standard Avena curvature test 
for auxins (1). Soon after this, Avery and colleagues isolated auxins 
from Zea mays, demonstrating that, indeed, auxins are produced by 
plants (2). 
The physiological effects of auxin had been observed and 
described several years preceding its isolation (3, 4). Its regulatory 
effect is now linked to a wide range of physiological and 
developmental phenomena: cell division, cell elongation, 
gravitropism, vascular differentiation, assimilate partitioning, 
flowering, and embryogenesis (5). Recently, the development of 
reverse genetics (sense and antisense transformations in plants) and 
of gene-specific mutations in plants has allowed researchers to re­
assess the physiological activity of auxins as well as other hormones 
(6, 7, 8). The use of auxin-insensitive mutants as well as 
transformed plants which overproduce auxin displaces uncertainties 
innate to experiments involving exogenously applied compounds, and 
permits the direct assessment of the physiological and morphological 
responses of plants to a lack of, an excess of, or the inability to 
respond to auxin. 
The biosynthetic pathway leading to indole acetic acid (lAA), 
the most prevalent endogenous auxin, involves the shikimate 
biosynthetic pathway (9). Tryptophan has been considered a 
potential biochemical precursor of lAA (10), but recent 
investigations using radiolabeled precursors of the indole 
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biosynthetic pathway have shown that it is possible to synthesize 
lAA directly from indole (9). Moreover, the orp mutant in Zea mays 
is a tryptophan auxotroph (cannot synthesize tryptophan), but can 
still synthesize lAA, showing that tryptophan is not required in the 
biosynthesis of auxin (11). These studies provide insights into how 
angiosperms produce lAA. 
Recently, biochemical studies have aided in isolating and 
describing the binding proteins which may function in the perception 
of the lAA signal (12, 13). Molecular technologies have elucidated 
the gene sequences and regulation of these auxin binding proteins as 
well as the localization of the proteins (14). Use of various inhibitors 
which impede the action of auxin have helped to characterize the 
biochemical flow of auxins in the plant. These studies suggest that 
auxins have a polar, oscillating transport at the cellular level (15, 16, 
17). 
Investigations concerning the specific mode(s) of action which 
auxin has on plant cell physiology have used cell elongation as a 
model system. The affects can be divided into immediate (within 
10-20 minutes) and long-term events (longer than 30 minutes). The 
immediate effects include physiological events, reflecting rapid 
changes in apoplastic pH and membrane polarization (18). In 1970, 
Rayle and Cleland reported that protons could cause elongation of cell 
walls to a similar magnitude as that of auxin (19). Recent evidence 
shows that auxins cause a rapid export of protons from the cell which 
is accomplished by a plasma membrane H+-ATPase pump (20, 21). 
This extrusion of protons into the cell apoplasm not only increases 
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the acidity of the extracellular matrix, but also establishes a 
membrane potential, hyperpolarizing the membrane (22). Cleland 
formulated an idea which has been called the Acid Growth 
Hypothesis for cell elongation and plant growth based on these 
changes (23, 24). This hypothesis asserts that the auxin-induced 
secretion of protons into the cell wall activates wall hydrolases 
(endotransglycosylases) which in turn cleave covalent bonds within 
and between cellulose molecules, and disrupts the hydrogen bonds 
binding certain wall polymers; the turgor pressure from within the 
cell expands the loosened polymers, causing the cell to elongate and 
contributing to axial plant growth. 
The short term as well as the long-term effects of auxin involve 
not only physiological changes, but also changes in gene 
transcription. As evidence for the auxin's role in the acidification of 
the cell wall has accumulated, evidence from other investigative 
routes demonstrated that auxin causes changes in gene transcription 
(25). Indeed, observed changes in RNA synthesis following 
application of auxin has led to a series of studies investigating the 
nature of these auxin-induced transcripts (26-30). Moreover, this 
induction can be rapid, changing the accumulation of certain mRNAs 
within a few minutes of auxin application, including that of the auxin 
inducible H+-ATPase mRNA (21, 31). These transcriptional effects 
have led to a re-evaluation of the Acid Growth Hypothesis and in 
turn, have opened discussion as to auxin's dual mode of action in 
plant growth: the direct, chemical modification of the cell wall and 
concomitant membrane potential which can be used to transport 
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molecules across the plasma membrane, and adjustments to the 
genetic transcriptional program so as to supply the needed molecules 
to support cell elongation and growth (18, 32). 
The discovery of gibberellin as a plant hormone began during 
the early 1800s, when Japan lost a significant portion of its rice crop 
due to premature bolting and weakening of the inflorescence. The 
Japanese termed the phenomena bakanae, "silly seedling," and began 
a series of investigations which lead to the descriptions of gibberellin 
(36 and references therein). As with auxin, the first source from 
which a gibberellin was isolated was not a plant; in this case, it was 
from the fungus Gibberella fujikuroi, a causal organism of bakanae. 
Later, the same types of compounds were identified in plants. The 
physiological effects of gibberellins include cell differentiation, stem 
growth, induction of germination in seeds, and flower and fruit 
growth (37). 
The biosynthetic pathway of gibberellins is via the mevalonate 
pathway, and the cyclization of the isoprenoid geranylgeranyl-
pyrophosphate to form enf-kaurene (37). This is the first committed 
step in gibberellin synthesis. Further cyclizations and oxidations 
yield the great variety of gibberellins now identified (37). 
Identification of gibberellin biosynthesis mutants as well as classical 
biochemical studies have helped to identify the enzymes involved in 
the synthesis of gibberellins (35). Investigations concerning various 
mutants abnormal in their response to gibberellin have aided in 
identifying the genes involved in the signal transduction of the 
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gibberellin signal, and also the role gibberellins have in growth and 
physiology of plants (36, 37, 38). 
The cellular changes due to the activity of gibberellins are not 
as well characterized as those of auxin; however, the interactions of 
auxin and gibberellin have been studied. In 1966, Digby and 
Wareing used various woody plants to study the interaction of auxin 
and gibberellin with respect to secondary growth, in particular the 
differentiation of cells from cambial divisions (39). They observed 
that only auxin contributed to the division of the cells in the 
cambium, but that the relative ratios of auxin and gibberellin could 
shift the formation of phloem (high gibberellin) or xylem (high 
auxin). A study by Grunwald and Lockhard demonstrated that 
gibberellin could reverse the inhibition of auxin on stem-elongation 
and also that the growth regulators acted synergistically, enhancing 
stem elongation (40). Aloni showed that in Coleus blumei, auxin and 
gibberellin together could replace the effect of leaves in the control 
of phloem fiber formation (41). This study also showed that auxin 
caused the differentiation of short fibers with thick walls while 
gibberellin produced longer fibers with thin walls. Aloni also 
observed that the relative ratios of auxin to gibberellin influenced 
the extent of stem elongation. Finally, a recent study by Hasuike and 
Okamoto reported that, although auxin could not cause the 
hyperpolarization of membranes in the mature region of Vigna 
unguiculata hypocotyls, pretreatment with gibberellin could restore 
the activity of the proton pump (42). They concluded that the 
gibberellin enhanced the cell's response to auxin, in particular the 
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activity of the proton pump, demonstrating for the first time the 
interaction of gibberellins and auxins at the ceil membrane. 
Small proteins 
Certain mRNAs and proteins which accumulate after the 
application of auxin have been termed small (see 31, 33); however, 
very small proteins (i.e. <15 kDa) until recently have not been 
described in plants. I will describe here three types of very small 
proteins: those from de novo synthesis, those derived from post-
translational cleavage of larger precursors (>151cDa), and those 
translated from mRNAs as very small proteins. 
Phytochelatins, poly(YEC)nG peptides, are glutathionine-like 
peptides which function in metal homeostasis within the cell (43). 
These peptides are composed of glutamyl-cysteinyl repeats (ECn, 
where n = 2 to 11) and terminate with a glycine residue. They are 
unique in that the glutamate is attached to the cysteine via the acidic 
carbonyl group and not the primary carbonyl on the amino acid 
backbone as is typical of most proteins. Moreover, these peptides 
are not translated from mRNAs; they are, instead, synthesized de 
novo by phytochelatin synthase (44). 
Some of these newly described very small proteins are cleaved 
from larger precursors. Systemin, a well-known systemic defense 
regulator, is 18 amino acids in length. Its original isolation was from 
the leaves of the tomato plant, and was shown to induce the 
synthesis of proteinase inhibitors. Systemin is post-translationally 
cleaved from a 200 amino acid precursor, prosystemin (45). Another 
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very small protein, the chymotrypsin inhibitor PCI-I, isolated from 
potato tubers, is 5.4 kDa in size and is post-translationally cleaved 
from the 21 kDa potato proteinase inhibitor II protein (46). 
Metallothioneins, which also function in intracellular heavy-
metal ion sequestration, have just recently been demonstrated in 
some plant species (47). These very small proteins are translated 
from mRNA precursors, are between 5-10 kDA, and are divided into 
two classes based on conserved structure and sequence. Class I 
metallothioneins are approximately 60 amino acids in composition, of 
molecular weights of 6-7 kDa, and have a strictly conserved 
arrangement of the metal-binding motif C-Xaa-C (48). These are 
found only in mammals. The class II metallothioneins are also very 
small, and are more broadly distributed, being found in several 
phyla and kingdoms. The metal-binding motif in class II 
metallothioneins is not as strictly arranged as in class I 
metallothioneins. Ec, a protein isolated from wheat embryos, is the 
first identified plant metallothionein (49). 
Antimicrobial proteins 
Recent work from various labs describes a class of small plant 
peptides of molecular weights ranging from 3-15 kDa which have 
antimicrobial activity (50, 51). These proteins have a high cysteine 
content, which functions to form disulfide bridges within the protein, 
and a pi greater than 10. Antibiotic activity assays show the 
peptides to be very effective against fungi, although a few of them 
(in particular, the thionins) have a more broad functional range. 
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making them also effective against bacteria. The thionins are a well 
known sub-class of small molecular weight proteins and are the first 
known antimicrobial proteins. Certain wheat flour extracts contain 
crystalline proteins (thionins) which when used in various functional 
assays demonstrated a capacity to inhibit growth of both yeast and 
bacteria (52). These proteins even showed an inhibitory affect 
against phyto-pathogenic bacteria (53). 
Antibacterial peptides are present also in mammals, and are 
the subject of intense investigation due to their potential pharmo-
cological usefulness (54). These proteins have a wide range of sizes 
and are grouped into five different categories based on their 
biochemical nature. One group, those that are linear, without 
cysteines, and have a high proportion of certain residues in 
particular arginine (see following discussion), consists of proteins 
similar in sequence to cathelin. 
Turk and colleagues first described cathelin in 1989 from pig 
leukocytes (55). They isolated an acidic protein of pi 4.8 which has a 
molecular mass of approximately 11 kDa which demonstrated a 
cysteine-protease inhibitory function. Further investigation showed 
that only the C-terminus functions as a proteinase inhibitor (56). 
They also noted that cathelin had a similar peptide sequence to the 
stefin sub-family of the cystatin super-family. This cystatin super-
family is divided into three groups: the stefins (family I), the 
cystatins (family II), and the kininogens (family III) (57). It is 
interesting to note that although the functional domains of the stefins 
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have not been fully characterized, the N-terminus of the cystatins 
participates in the proteinase activity (58). 
Thus far, 7 antibacterial, cathelin-like proteins from cows and 
pigs have been described. All have a similar sequence organization: 
each has an N-terminal signal peptide (termed the pre- portion of 
the peptide), followed by an internal domain which does not directly 
participate in the bactericidal function, and a C-terminal region 
unique to each protein which acts as the antibacterial moiety (59-
61). The internal domain is the portion that all share in similarity to 
cathelin. The unique C-termini are typically rich in arginine and 
prolines, although the "FALL-39" peptide is rich in lysine, arginine, 
and phenylalanine, and the "indolicine" peptide is rich in tryptophan 
and proline (60, 61). This C-terminus is cleaved from the mature 
peptide (the peptide remaining after the leader sequence has been 
removed), and can be isolated from various animal organs (62). 
These cathelin-like proteins have a variety of means to achieve 
their bactericidal activity (54 and references therein). Some act 
through lysis of the membrane, presumably, although not 
conclusively, by stoichiometrically forming lytic pores. PR-39 stops 
the synthesis of DNA. The precise mechanism is not established 
although it is proposed that the action involves a selective 
degradation of the protein-synthesis machinery. 
GPI-anchored proteins 
Two recent reports describe two very small proteins isolated 
from lymphocyte libraries. One protein, CAMPATH-1, is only 12 
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amino acids in its mature form and is processed from a 61 amino 
acid precursor (63). This precursor has a 24 residue leader sequence 
and the remaining 37 amino acids are post-translationally processed 
to the 12 amino acid mature form. The other protein, CD24, is a well 
known leukocyte surface antigen and is processed from 80 to 46 
amino acids to make a mature protein of approximately 5 kDa (64). 
These two proteins and others share in common a biochemical, 
post-translational modification termed the glucosylphosphitidyl-
inositol anchor (GPI-anchor). This non-proteinaceous anchor binds 
the C-terminally linked protein to the extracellular side of the 
plasma membrane, and confers an increased mobility within the 
membrane as compared to a transmembrane protein (65). These 
membrane bound proteins are not related by class, function, or size. 
Some are enzymes (alkaline phosphatase); some, surface antigens 
(CD-24); some, adhesion molecules (N-CAM); etc. Guy Thompson and 
colleagues in Austin, Texas have reported the first GPI-anchored 
protein in plants, an alkaline phosphatase, demonstrating that this 
biochemical motif is also utilized by plants (66). 
This GPI-anchor has three structural components: an 
ethanolamine, a glycan core composed of mannose and glucosamine, 
and a phosphytidylinositol (65). The ethanolamine is the moiety 
which links the anchor to the protein via an amino-carboxyl bond at 
the C-terminus of the processed protein. The glycan core contains 
three mannose sugars linking the ethanolamine to a glucosamine 
which in turn is covalently bound to the membrane-inserted 
phosphytidylinositol. The anchor is synthesized on the cytoplasmic 
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surface of endoplasmic reticulum (ER) and is then translocated to the 
ER lumen with the inositol-lipid group inserted into the lipid bilayer. 
The nascent proteins bound to such an anchor also share a 
general organization of their primary amino acid sequence (65). All 
have a leader sequence which targets the translated protein to the 
endoplasmic reticulum (ER) lumen where the leader sequence is 
removed and further post-translational processes link the protein to 
the anchor. These proteins have a hydrophilic core region and a C-
terminal hydrophobic region which is alpha-helical in its secondary 
structure. This second hydrophobic region acts a signal for the post-
translational transfer of the protein to the anchor, and is cleaved off 
prior to the attachment. The mature form is transported to the 
membrane on the interior of vesicles which fuse to the plasma 
membrane placing the GPI-anchored proteins on the exterior side of 
the cell (65). 
Tissue culture and the T U P  gene 
In 1958, F. C. Steward and colleagues published a series of 
papers describing the in vitro culture of plant cells, and the induction 
of somatic embryos from suspension-cultured "free" carrot cells (67-
69). They described two distinct sets of cells: small, cytoplasmic 
dense cells which clustered together, and large, vacuolated cells 
which although capable of division, did not cluster together. (These 
two groups will be referred to as embryogenic and non-embryogenic 
cells, respectively, in this document). F. C. Steward was interested in 
the observation that the dividing cells, free from the constraints of 
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any maternal tissues, could be manipulated to form embryo-like 
masses, which will be referred to in this document as somatic 
embryos. Further culturing produced plantlets with appropriate 
root/shoot structures from which adult carrot plants could be grown 
(68) .  
A further study by Halperin and Wetherell showed that the 
undefined media used by Steward and colleagues, coconut milk, 
could be replaced by a defined media of salts, vitamins, and sucrose 
(70). Moreover, by adding high concentrations of lAA, they 
demonstrated that the cells could be kept as freely dividing, non-
embryo forming masses. By reducing and even eliminating the 
concentration of auxin, somatic embryo formation occurred. This 
study has become the basis for the modern tissue culture techniques. 
Tissue-cultured carrot cells have been a model system for 
studies concerning starch biosynthesis (71) as well as for genes 
expressed during embryogenesis (72, 73). Eve S. Wurtele and 
colleagues, intending to identify RNAs expressed during 
embryogenesis, used a technique termed differential screening to 
identify RNAs preferentially accumulating in somatic embryos as 
compared to non-embryogenic callus cells (74). They grew callus 
cells in media containing high concentrations of 2,4-dichlorophenoxy-
acetic acid (2,4-D), a synthetic auxin-like compound, and then sieved 
the culture to separate the embryogenic cells from the non-
embryogenic cells. These separated cells were grown in media 
containing 2,4-D and in media lacking the synthetic auxin. They 
isolated RNAs from each pool of cells. The mRNA represented by one 
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clone obtained from this screen, pTUP2.c4, appeared to accumulate to 
high levels in non-embryogenic callus cells grown in media 
containing the growth regulator 2,4-D, but did not accumulate in 
similar non-embryogenic cells grown in media lacking 2,4-D (Eve S. 
Wurtele, personal communication). This was in contrast to other 
mRNAs identified in the same screen which were barely detectable 
in either embryogenic and non-embryogenic cells grown in media 
containing 2,4-D. In media lacking 2,4-D, all of the RNAs identified 
accumulated in somatic embryos, and were not detectable in non-
embryogenic callus cells. 
Wurtele and colleagues also screened a genomic library, 
intending to isolate genomic fragments encoding the mRNA 
represented by pTUP2.c4 (unpublished data). The screen of about 
20,000 phage yielded 5 phage with hybridizing inserts. They chose 
an 11 kbp, hybridizing, Xbal restriction fragment from one of the 
isolates, subcloned it into pBluescript, and designated it pTUPl.gll. 
Shakti Narayan and Diane Robertson, collaborators at Grinnell College, 
Iowa, subcloned a hybridizing 3.1 kbp EcoRI fragment from 
pTUPl.gll into pBluescript to construct the plasmid pTUPl.gS.l 
(Diane Robertson, personal communication). 
Because auxin was regulating the mRNA transcript of T U P  in 
tissue culture, I hypothesized that the TUP mRNA may be involved in 
cell elongation and plant growth. I proposed to analyze the sequence 
of pTUP2.c4 to begin research to determine the general structure of 
and the potential function of the gene product. Specifically, I wanted 
to determine a) whether the sequence of the gene and gene product 
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could suggest a biochemical/cellular function of the gene based on 
motif and sequence homologies to other, known gene products, b) if 
use of RNA blots, protein blots, and histochemical localization would 
support the hypotheses formed from the sequence analysis, and c) to 
test the broad hypothesis concerning auxin regulation of TUP and its 
role in plant growth. 
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CHAPTER 2: MATERIALS AND METHODS 
Isolation, subcloning, and sequencing of T U P  cDNAs 
Standard molecular procedures were used for isolation and 
analysis of nucleic acids (75). 
I used the insert of the pTUP2.c4 clone (197 bp) to screen a 
A.gtlO library for a more full-length cDNA clone (-500 bp). 
Approximately 400,000 phage were screened, and 72 hybridizing 
plaques were chosen for further plating and screening. 
O l i g o n u c l e o t i d e s  d e s i g n e d  t o  t h e  r e g i o n s  j u s t  f l a n k i n g  t h e  X g t l O  
cloning site, a gift from Dr. Basil Nikolau, were used in polymerase 
chain reactions (PGR) to amplify the inserts of these phage clones. 
An aliquot, 100 \il high titer phage stock was boiled for 5 minutes 
and ice chilled. One microliter of the denatured lysate was added to 
a prepared PGR buffer containing 25 pmoles each primer, 0.25 mM of 
each dNTP, 1.5 mM MgCl2, 50 mM KCl, 10 mM Tris, pH 9.0, and 0.1% 
(v/v) Triton X-100, and 2.5 units of Taq Polymerase (Promega). 
Approximately 50 |il of mineral oil was layered on top of the 50 nl 
reaction mixture. The reactions were carried out in a Ericomp Twin 
Block thermocycler for a total of 40 cycles of the following steps: 30 
seconds at 92°C, 60 seconds at 50^0, 60 seconds at 72°G. The 
completed reactions were stored at 4°G until analyzed. Fifteen 
microliters of each reaction were electrophoresed on 1.5% agarose 
gels, stained with 0.5 mg/ml ethidium bromide for photographing, 
and then Southern blotted onto nylon membranes and probed with a 
random-primed, radio-labeled form of the pTUP2.c4 insert. 
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Two isolates, #2.7.1 and #1.10.1, were chosen based on the 
insert size as determined by the agarose gels and Southern blots. 
The cDNA inserts were removed from the phage vector with the 
restriction enzyme EcoRI, ligated into pBluescript II, and the 
resulting construct was transformed into XLlBlue Escherichia coli 
using electroporation. The transformed E. coli were plated onto 
LB/200 mM ampicillin plates to select for resistant colonies. One 
liter of LB medium contains 10 grams bacto-tryptone, 5 grams bacto-
yeast extract, and 10 grams NaCl; pH is 7.0. For a solid medium, 15 
grams of agar was included with the LB prior to autoclaving. Media 
were autoclaved for 25 minutes and cooled. Resistant colonies were 
further cultured in liquid LB/200 mM ampicillin medium and lysed 
to release the plasmid construct. The plasmids were purified from 
the lysis by ethanol precipitation and CsCl ultracentrifugation. The 
purified plasmids were sent to the Nucleic Acid Facility at Iowa State 
University for nucleotide sequencing in both directions using the 
M13 Universal and Reverse primers. 
Isolation and sequencing of TUPl gene 
I isolated and purified the plasmid pTUPl.gS.l from E. coli 
extracts as previously described for the cDNA plasmids constructs, 
and used it a) to establish the linear sequence of the TUP gene, b) to 
ascertain the start of transcription, and c) to determine the structural 
organization of the TUP gene via restriction enzyme digests and 
Southern blotting. 
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Figure 1: Sequencing Schematic The black box represents the 
transcribed portion of the TUP gene. To the right and left of the box 
are the 3' and 5' flanking regions, respectively. The arrows 
underneath the drawing of the TUP gene region represent the 
oligonucleotides and the direction of sequencing in the primer-
anchored sequencing experiments. 
These oligonucleotides are listed in Table 1. 
Table 1: Oligonucleotides Used In Primer Walk 
3" to 5' 5' to 3' 
Oligo 1: GGCTAGGACTACGAAGAACAG Oligo 2; GCTCAGCAAATGATGAACCTG 
Oligo 3: TACAGGACGCAGCTAAC Oligo 4: GCTTGACCGACCG1TGT 
Oligo 5: GTCAAGCCTCGG1TCAA Oligo 6: GTTGGTTAGATGGAATCTT 
Oligo 7; GATACATGAGATAAGATTC Oliso 8; ACTGAAAATTACATCTTAAAG 
Figure 1 illustrates the design and pattern of the sequencing. 
Table 1 lists the oligonucleotides designed and used during the walk. 
These oligonucleotides were synthesized at the Nucleic Acid Facility 
at Iowa State University. In short, the experimental design involved 
sequencing with oligonucleotides 1 and 2 from within the open 
reading frame (ORF) into the 5' and 3' regions, respectively, flanking 
the transcribed region of the TUPl gene (transcribed region is 
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diagrammed as a black box). Additional oligonucleotides were 
designed (with respect to their numbers) based on these sequences 
to continue primer walking in the 5' and 3' regions proximal to the 
gene. 
All nucleotide sequences were determined at the Nucleic Acids 
Facility at Iowa State University. Nucleotide and amino acid 
sequence analyses were accomplished using algorithms from the 
Genetics Computer Group, University of Wisconsin, EMBL database, 
Switzerland, and the GenomeNet database, Japan. 
Primer extension analysis 
To determine the start site for the transcription of the T U P \  
mRNA, I used the primer-extension method. This method utilizes 
reverse transcription of mRNAs primed from sequence(s) internal to 
the most 5' exon and compares the size of the reaction product(s) to 
established molecular weight markers. These markers are most 
frequently a sequence ladder generated with the same internal 
primer. A sequence ladder allows for resolution of the molecular 
weight of the reaction product(s) to the base pair. To accomplish the 
analysis, I used total RNA isolated from roots (described in the 
following section), end-labeled oligo I (see Table I and Figure 1), and 
a sequence ladder using pTUPl.gS.l a the template and oligo 1 as the 
primer. 
Oligonucleotide labeling buffer (lOx) consists of 670 |il 1 M Tris 
pH8.0, 100 |il 1 M MgCl2, 7 p.1 14.3 M P-mercaptoethanol, and 223 |j,l 
ddHiO. Labelings were performed in 20 ml volumes at 37oC for 30 
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minutes: 2 |j.l lOx buffer, 75 ng oligonucleotide 1, 50 mCi y-^^P-dATP 
(1000 Ci/mmole; Amersham), and 0.5 units T4 DNA Kinase. 
Twenty five micrograms of total root RNA and approximately 
one nanogram of end-labeled oligonucleotide were co-precipitated 
with 100% ethanol and resuspended in 10 ^il TE pH 8.0. The mix was 
incubated at 55oC for 1 hour, then 50oC for 1 hour. AMV Reverse 
Transcriptase buffer (10 |il, 2x; Promega), 1 |i,l RNAse Inhibitor 
(Promega), and 15 units AMV Reverse Transcriptase was added to 
each reaction and incubated at 42^0 for 30 minutes. To stop the 
reaction, 0.5 nl 0.5 M EDTA pH8.0, 2 p.1 3 M NA Acetate pH 5.2, and 
75 |il 100% ethanol was added to each reaction. Reaction mixes were 
quickly chilled in the -SOoC for 30 minutes. The precipitated nucleic 
acids were pelleted in a microfuge, washed with 70% ethanol, and 
resuspended in 5 |il Sequanase ® Stop Dye (Perkin Elmer). 
Resuspended material was heat denatured at 95oC for 4 minutes, 
briefly microfuged to pellet the insoluble materials, and 4 |il loaded 
onto a 6% DNA sequencing acrylamide gel. Gel was electrophoresed 
for 2 hours at 60 constant watts, dried and exposed to x-ray film. 
A sequencing ladder was prepared using oligonucleotide 1 and 
NaOH-denatured pTUPl.g3.1; a-^^S-dATP (Amersham) was used to 
label the sequence products. The ladder was loaded in adjacent lanes 
to the primer extension product. 
Restriction enzyme analysis 
Standard procedures were used for the analysis of nucleic acids 
(75). Two micrograms of pTUPl.g3.1 or ten micrograms of carrot 
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genomic DNA was digested with various restriction enzymes and the 
fragments electrophoresed on agarose gels and transferred to nylon 
membranes. Membranes were probed with random-primed, 32p_ 
labeled pTUP2.c55 insert. 
Isolation and analysis of RNA and DNA 
Total genomic DNA was isolated for Southern analysis using a 
modified method of Doyle and Doyle, 1987 (76). Two grams fresh 
weight tissue were ground to a fine powder in liquid nitrogen and 
added to 8 ml of a 2% CTAB buffer (2% (w/v) CTAB, 100 mM Tris, pH 
8.0, 1.4 M NaCl, 20 mM EDTA, pH 8.0, 0.2% (v/v) p-mercaptoethanol) 
at 65°C for 30-45 minutes. The solution was cooled and extracted 1:1 
(v/v) with 1:25 isoamyl alcohol:chloroform. The aqueous phase was 
removed with a large bore Pasteur pipette and precipitated with 
equal volume, ice-cold isopropanol. The precipitate was resuspended 
in 500 fxl TE (10 mM Tris, pH 8.0, 1 mM EDTA, pH 8.0) and 
microcentrifuged at 4°C for 10 minutes. The aqueous supernatant 
was removed from the pellet and extracted with a solution of 1:1 
phenol:chloroform, followed by ether, followed by chloroform. The 
DNA was then precipitated with two volumes of ethanol. Ten 
micrograms of DNA was digested with various restriction enzymes 
and analyzed by Southern blotting with 32p.iabeled pTUP2.c4 insert. 
Hybridizations were at 65°C in 6x SSC; final filter washes were at 
65oC in 0.2x SSC (Ix SSC = 0.3 M NaCl, 15 mM NaCitrate, pH 7.4). 
Total RNA was extracted from 0.5 grams fresh weight tissue in 
4 ml of a guanidinium HCL solution as described by Chomczynski and 
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Sacchi 1987 (77). Ten micrograms of total RNA was subjected to 
electrophoresis and gel blot analysis using 32p.iabeled pTUP2.c4 or 
pTUP2.c55 inserts as probes. Blots were hybridized at 50oC in a 6x 
SSC buffer; final washes were at 50oC in 0.2x SSC buffer, as described 
by Wurtele et al., 1993 (74). 
All nucleic acid isolate concentrations were determined using 
spectroscopy at 260 nm and 280 nm on a Perkin-Elmer Lambda 3A 
spectrophotometer. Absorption readings at 260 nm were used with 
the extinction coefficients of 50 mg/ml/OD for DNA, 40 mg/ml/OD for 
RNA, and 20 mg/ml/OD for oligonucleotides to determine 
approximate nucleic acid concentrations. 
I n  s i t u  analysis 
To localize the TUP mRNA, I used the in situ hybridization 
method. The in situ hybridization procedure followed was patterned 
after Wurtele et al., 1993 (74). Plant tissue were fixed in 0.05 M 
PIPES, pH 7.3, 4% (w/v) paraformaldehyde, 0.5% (v/v) 
glutaraldehyde for 2 hours, then washed in the PIPES buffer, passed 
through an increasing percentage ethanol series to dehydrate the 
samples, and the solution changed to xylene. Material was imbedded 
in paraffin, and sectioned into 8 (im sections. Sections were adhered 
to glass slides using a 2% polyvinyl alcohol, 0.2% vinyltriethoxysilane, 
0.05% methyl-4-hydroxybenzoate (all percentages are w/v) and 
dried overnight on a warming tray. Sections were de-paraffinized in 
xylene and rehydrated by passing slides through a decreasing 
percentage ethanol series. Sections were pre-treated using: 
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a) 100 mM Tris, pH 8.0, 50 mM EDTA, 2 mg proteinase K per ml 
for 30 minutes at 37oC, 
b) 0.1 M triethanolamine, pH 8.0, 0.25% (v/v) acetic anhydride 
for 10 minutes at room temperature. 
The plasmids pTUP2.c55 and pEMBl were linearized with 
appropriate restriction enzymes so that sense and antisense 
transcripts could be prepared using T7 or T3 RNA polymerases. 
Polymerases were obtained from Promega (P207B and P208C, 
respectively) and ^ss.ujp ^^s obtained from Amersham (catalog 
#SJ1303). Hybridizations occurred in a moist chamber containing a 
solution of 50% (v/v) formamide, 0.3 M NaCl, 10 mM Tris, pH8.0, 
1 mM EDTA. Hybridization solution contained 50% (v/v) formamide, 
0.3 M NaCl, 10 mM Tris, pH8.0, 1 mM EDTA, Ix Denhardt's solution, 
500 mg per ml yeast RNA, 500 mg poly(A) oligonucleotides, 50 mM 
DTT, 10% (w/v) dextran sulfate. Probe was added so that 
approximately 1x10^ cpm/slide was applied; approximately 50 (il of 
hybridization solution was applied per slide. Slides were hybridized 
for 12-18 hours at 65°C. 
Sections were washed in 4x SSC, and treated with 20 mg per ml 
RNAse A, 0.5 M NaCl, 10 mM Tris, pH8.0. Sections were further 
washed in 2x SSC, 0.1% SDS for 15 minutes and O.lx SSC, 0.1% SDS for 
15 minutes, and given a final rinse in water. Slides were dried prior 
to covering the sections with NTB-2 liquid emulsion from Kodak, and 
stored at 40C in the dark until developed by traditional darkroom 
development techniques. Sections were dehydrated with an ethanol 
series as previously described and mounted under coverslips for 
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photography. Photographs were taken on a Leitz microscope using 
Kodak Technical-pan 35 mm film. 
Plant, seedling and cell culture 
Wild-type Daucus carota L. seeds were harvested from the field 
in the city of Ames, Iowa. Daucus carota cv. "Danver's Half Long" 
seeds were bought from local dealerships. The seeds were sown in 
peat-perlite and the germinated plants cultured in greenhouse 
conditions. These plants were used as materials for RNA analysis 
and for protein analysis. 
The cultivar seeds, "Danver's Half Long," were used to 
germinate seedlings in sterile conditions. The seeds were surface 
sterilized in 70% ethanol for 15 minutes, followed by a treatment of 
2% hypochlorite for 30 minutes, and then washed with sterile water. 
Seeds were placed in sterilized, glass petri dishes on sterile, water 
soaked Whatman #1 filter paper. The seeds were cultured in the 
growth chamber at constant 20oC, 18 hour light cycles. Germinated 
seedlings were used 10-15 days after imbibition. These seedlings 
were used as materials for RNA analyses. 
Callus cells were maintained on defined, minimal medium 
containing 2,4-dichlorophenoxyacetic acid (2,4-D). One liter of 
medium contained 4.33 grams Murashige and Skoog basal salt 
mixture (Sigma M5524), 1 ml Gamborg's vitamin solution (Sigma 
G1019), 30 grams sucrose; solution was pH 5.7. If 2,4-D was 
included, the final concentration was 600 ng/ml. For a solid medium, 
0.8% (w/v) agar was included with the previous liquid formula. 
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Media were autoclaved for 25 minutes and cooled prior to use. Note 
that the sterile vitamin stock and 2,4-D stock were not included prior 
to autoclaving, but added after the sterile solution had cooled. Media 
and cells were handled only in a sterile, tissue culture hood. These 
cells were used to test TUP as a potential morphogen. 
Growth regulators 
Table 2: Plant growth regulators used in tissue and plant culture 
Hormone Name Chemical Name Source 
2,4-D 
Gibberellin 
Benzyladenine 
Abscisic acid 
Salicylic acid 
Jasmonic acid 
2,4-dichlorophenoxy acetic 
acid 
Gibberellin A3 
6-ben2ylaminopurine 
+/- abscisic acid 
2-hydroxybenzoic acid 
+/- la,2b-3-oxo-2-(cis-2-
pentenyl)-cycIopentaneacetic 
acid 
Sigma, D7299 
Sigma, G1025 
Sigma, B5898 
Sigma, A7383 
Sigma, S7401 
Sigma, J2500 
Table 2 lists the names and sources of the hormones used. The 
hormones were dissolved in 100 (il of IN NaOH and diluted to 10 ml 
for a final concentration of 10 mM for each regulator. Stock solutions 
were sterile-filtered and stored at -20oC. The regulators were used 
at a final concentration of 10 mM in treatments of seedlings for RNA 
analyses. 
Synthetic TUP.38 and TUP.12 peptides 
The peptides, EMAPAPSPDMGSGFSLPVSTAVVGTSLVFSLVA-
LFRH and SLVFSLVALFRH, TUP.38 and TUP. 12 respectively, 
corresponding to amino acids 23-60 and amino acids 49-60 of the 
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T U P  open reading frame were synthesized at the Protein Facility at 
Iowa State University. 
Solubility was determined by adding 3.9 or 1.2 mg of the 
peptides (corresponding to TUP.38 or TUP. 12 respectively; equivalent 
of 1 nmole for each peptide) to 1 ml of various solvents listed in 
Table 3. The peptides dissolved almost immediately in DMSO. The 
peptides did eventually dissolve in 100% ethanol after storage at 4oC. 
Therefore, the peptides were routinely dissolved in 100% DMSO to a 
concentration of 39 mg/ml and 12 mg/ml which made a final 
concentration of 10 nmole/ml for each peptide. The peptides did 
dissolve in 8 M urea; however, due to the toxic affect of urea on 
living tissues, and because urea acts as a salt in gel electrophoresis, 
causing distortion in band size and mobility, 8 M urea was not used 
routinely. 
Table 3: Testing Solubility of the TUP. 12 and TUP. 38 Peptides 
Solvent 
20oC 
TUP. 12 TUP.38 
650C 
TUP. 12 TUP.38 
lOOoC 
TUP. 12 TUP.38 
Water . • ND ND 
Mineral Oil ++ ++ ND ND 
Ethanol + + ND ND 
Acetone ND ND 
DMSO ++ ++ ND ND 
Hexane ND ND 
Chloroform ND ND 
Ether ND ND 
8 M Urea 1 1 * ND * ND ++ 
5 M Guanidine i T 
* 
+ * + * 
10% (w/v) TFA - - -
20% SDS 
-
# # 
Legend: -; insoluble ++: completely solub e +; partially soluble 
* : suspension formed #: gelatin formed ND : not done 
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Production of antisera 
Approximately 1 p.g of each peptide, TUP.38 and TUP. 12, was 
added to separate 500 p-l aliquots of Freund's complete adjuvant and 
mixed in a 1:1 ratio (v:v) with water to generate a 1 ml viscous 
emulsion. This emulsion was injected intradermally at 
approximately 40 sites on 2 SPF rabbits, one rabbit per peptide. 
After one month, the injections were repeated as described above 
except that Freund's Incomplete Adjuvant was substituted for the 
Complete Adjuvant and that the injections were intramuscular rather 
than intradermal. The injections were given every two weeks. 
Approximately 5 ml whole blood was collected from the main ear 
vessel with a catheter; this blood was collected 7 days after the 
injection. The blood was allowed to coagulate and then centrifuged 
to separate cells from serum. The serum was collected in microfuge 
tubes and stored frozen at -80oC. 
Protein extraction and protein blot analyses 
The buffers listed in Table 4 were used to determine the 
conditions for consistent, highest yielding extracts of the TUP protein 
from plant tissue. One quarter gram of fresh weight root tissue was 
ground to a fine powder in liquid nitrogen and added to 1 ml of 
buffer. Five microliters of 200 mM phenylmethylsulfonyl fluoride 
(PMSF) was added as a serine protease inhibitor. The aqueous 
extracts were gently agitated at 4oC for 2 hours and then microfuged 
at 40C for 10 minutes. The supernatant was removed and stored in a 
microfuge tube at -80°C. The pellet was resuspended in 1 ml of 
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Table 4: Protein Extract Buffers 
Aqueous Buffers SDS Buffers 
0.1 M Acetic acid, pH 2.6 
O.I MMES, pH 5.3 
0.1 M Na2P04, pH 7.0 
0.2 M NaiCOs, pH 10.0 
Acid: 2% (w/v) SDS, 0.1 M Acetic acid, 
pH2.6 
AlkaUne: 2% (w/v) SDS, 0.1 M NaoP04, 
pH 7.0 
Total Protein: 2% (w/v) SDS, 0.1 M Tris, 
pH 8.0 
Note: all buffers contained 10 mM EDTA, pH 8.0, 5 mM benzamide, 1 mM amino-caproic 
acid, and 1% (v/v) P-mercaptoethanol as general enzyme inhibitors. 
boiling SDS-Tris buffer (listed above), boiled for 5 minutes, and then 
centrifuged. The supernatant was removed and stored in a 
raicrofuge tube at -SOoC. All SDS extracts were made using the same 
mass of ground tissue added to 1 ml of boiling SDS buffer, boiled for 
5 minutes, and microfuged as described. 
Total protein extracts were made from adult plant organs: 
roots, leaves (laminar portions only), cotyledons, inflorescence, open 
flowers, and green, mature seeds. One half gram of tissue was 
ground in liquid nitrogen, added to 1 ml of boiling SDS-Tris buffer, 
and boiled for 5 minutes. The extracts were microfuged at room 
temperature for 5 minutes and the liquid phase removed to a fresh 
tube and stored at -SQoC. 
Dilutions of the peptides were made using 100% DMSO for 
concentrations of 10 nmole/ml to 100 fmoles/ml. Mass weights of 
10 nmoles to 100 fmoles of the synthetic peptides were used in the 
gel analyses. Fifty microliters of the plant tissue extracts were used 
per lane in the gel electrophoresis. Samples were heat denatured at 
lOO^C for 3 minutes in an equal volume of 2% (w/v) SDS/10 mM 
DTT/6% (w/v) sucrose buffer and run on a 10% (w/v) denaturing 
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polyacrylamide gel as described by Schagger and von Jagow, 1988 
(78). Low molecular weight standards, MS-SDS-17S, from Sigma 
Chemical Company, were used to mark and determine approximate 
molecular weights; high molecular weight, pre-stained standards, 
catalog #26041-020 Gibco-BRL, were used in some experiments. Gels 
were fixed in 40% (v/v) methanol/7% (v/v) acetic acid/1% (v/v) 
glutaraldehyde and stained in a colloidal coomassie stain. 
The electrophoresed proteins were transferred to MSI 
nitrocellulose membranes using a buffer as described by Towbin et 
al., 1979 (79) and the semi-dry technique as described by the Bio-
Rad technical manual 170-3940. The protein blot was stained with a 
Ponceau S stain (75) to mark the low molecular weight standard 
locations on the blot. The blots were blocked with a 3% (w/v) BSA 
solution and then were probed with a 1/200 dilution of the anti-TUP 
antisera in 3% BSA. i^sj.iabeled protein A (a gift of Basil Nikolau, 
Iowa State University) was used as a secondary detection probe. 
Cytosolic and membrane fractionations of protein extracts 
To separate cytosolic from membrane proteins, I used an 
ultracentrifugation method outlined by Evans et al., 1988 (80). The 
homogenate buffer contained 25 mM HEPES/5 mM PMSF/3 mM 
EDTA/3 mM EOT A/10 mM DTT/250 mM sucrose and was brought to 
pH 7.4. Four grams of root or leaf tissue was ground to a fine powder 
in liquid nitrogen and added to 10 ml ice-cold homogenate buffer. 
All extract solutions were kept on ice. The slurry was further ground 
using an Ultra-Turrax ® polytron (Tekmar Co.) for 2 minutes. The 
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extract was centrifuged for 5 minutes at 3000g and 4°C. The 
supernatant was removed for further processing. The pellet was 
extracted with 10 ml boiling SDS-Tris buffer and the soluble portion 
of this extract was saved for gel analysis. Five milliliters of the 
supernatant fraction of the homogenate were loaded into Beckman 
Ultra-Clear tubes and centrifuged at 100,000g and 4^0 for one hour 
in a SW55Ti rotor. One milliliter of the homogenate was saved for 
gel analysis. 
The supernatant from the ultracentrifugation was removed to a 
sterile 50 ml Falcon tube, and the pellet was washed 2 times with the 
homogenate buffer. The membrane pellet was resuspended in 1 ml 
of boiling SDS-Tris buffer and boiled for 45 minutes with vortexing 
and pipette action until completely dissolved. Two hundred 
microliters of the cytosolic supernatant were saved as an original 
extract; the remaining supernatant was precipitated in 80% acetone 
overnight at -20oC. The precipitated proteins were centrifuged at 
3000g and 4^0 for 5 minutes. The pellet was dried and resuspended 
in 1 ml boiling SDS-Tris buffer and boiled for 5 minutes using vortex 
and pipette action to aid in dissolving the pellet. 
Fifty microliters of the debris pellet extract, the homogenate, 
the cytosolic fraction, and the membrane fraction were loaded onto 
the modified protein gels described in the previous section. Gels 
were either stained or transferred to nitrocellulose as previously 
described. Anti-TUP antisera was used as previously outlined. i25i. 
labeled streptavidin (a gift from Basil Nikolau, Iowa State University) 
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was used to verify the separation of cytosolic proteins from 
membrane proteins. 
Immune-precipitation of anti-TUP recognized proteins 
In order to isolate the anti-TUP recognized proteins from the 
leaf extracts for further characterization, I used an immune-
precipitation protocol outlined by Berry et al., 1985 (81). A Ix RIPA 
buffer (150 mM NaCl, 10 mM Tris, pH 7.4, 5 mM EDTA, 1% (w/v) Na 
deoxycholate, 0.1% (w/v) SDS) was prepared. All reactions were kept 
at 40C. Three hundred microliters of either the leaf homogenate, 
cytosolic, or membrane fractions described in the preceding section 
were added to 6 ml RIPA buffer, and incubated with 100 p.1 of the 
anti-TUP38 antisera on a rocking platform for 4 hours. One hundred 
microliters of the antisera were added to 6 ml Ix RIPA buffer as a 
precipitation-control treatment. Fifty microliters of protein A fused 
to sepharose CL-4B (catalog # P-3391, Sigma) was added to the RIPA 
solutions and continued to incubated at 40C overnight on the rocking 
platform. (Note; the binding capacity of the sepharose matrix is 20 
mg IgG per ml. The concentration of IgG in the sera was estimated at 
13 mg per ml; the concentration of anti-TUP IgG was estimated at 1 
rag per ml. I expected to retrieve approximately 90% of the IgGs in 
solution.) The immune precipitate was centrifuged at 3000 x g and 
40c for 5 minutes, and the supernatant was stored at 4°C. The 
sepharose pellet was washed 5 times, 5 to 60 minutes per wash, and 
centrifuged at 3000g, 4oC for 5 minutes. The washed pellet was 
resuspended in 150 p.1 SDS-Tris buffer and boiled for 5 minutes; the 
3 2  
boiled materials were pelleted in a clinical centrifuge at room 
temperature and the supernatant removed to a fresh microfuge tube. 
Fifty microliters of the immune-precipitate were gel electrophoresed 
with 50 111 of the original extracts, and the gel was fixed and stained 
as described in the "Total protein extraction and protein blot 
analyses" section. 
Protein function assays 
To test the antimicrobial potential of the TUP.38 synthetic 
peptide, I cultured the following organisms in the presence of 10 
nmoles of the peptide, an amount equivalent to the maximum 
inhibition of the Fall-39 antibacterial peptide (60): Bacillus subtilis. 
Bacillus thuringiensis, Agrobacterium tumefaciens, Escherichia coli, 
Sclerotinia sclerotiorum. The protein was presented in a variety of 
solvents; DMSO, mineral oil, hexanes, corresponding to the solvents 
used to dissolve the protein (see Table 4). Hexane does not dissolve 
the peptide, but this solvent was chosen because it is volatile, and 
therefore, when allowed to evaporate, leaves the protein residue. 
Solutions were delivered to small wells made in the agar medium 
with a hot, blunt metal rod. Microbes were added as 100 |il of an 
overnight LB culture and spread as a thin layer over the plate, as is 
the case for the bacteria, or as an agar plug (approximately 0.5 x 0.5 
cm) of growing hypha tips to the very center of the plate, as is the 
case for the fungus Sclerotinia sclerotiorum. Bacterial culture was on 
LB/agar plates as described in the section "Isolation, subcloning, and 
sequencing of the TUP cDNAs." Fungal culture was on autoclaved 
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medium containing 39 grams per liter of potato-dextrose agar 
(catalog #0013-01-4, Difco Bacto Agar). The antibiotics ampicillin 
(25 mg/ml) and tetracycline (10 mg/ml) was prepared in the same 
solution and applied as 4 |xl (100 mg and 40 mg, respectively). 
Banrot ® (Sierra Grace Co.) was prepared and used according to 
manufacturer's instructions. 
To test the potential of TUP.38 as a morphogen, I used carrot 
callus cells grown on +2,4-D medium described in section Plant, 
seedling, and cell culture (Figure 30). The study was conducted using 
liquid media. The TUP.38 protein was diluted in 100% DMSO to make 
a solution of 100 mM (100 nmoles per ml). Ten microliters of this 
solution was added to 10 ml of media to achieve a final concentration 
of 10 mM. Ten microliters of this media solution was added to 
another 10 ml of media to make a 10 nM solution; ten microliters of 
the 10 nM solution was added to 10 ml of fresh media to make a 10 
pM solution. Control solutions were prepared using 10 microliters of 
100% DMSO added to 10 ml of media to make a final concentration of 
0.1%, and serial dilutions made as with the peptide/media solutions 
to make 0.0001% and 0.1x10*6% concentrations. These DMSO 
concentrations correlated with the concentrations of DMSO in the 
peptide/media solutions and were used as controls during the study. 
One quarter gram of callus cells were added to each media solution 
(six in total), and cultured on a rotating shaker at TO^C. Small 
samplings were taken at 1, 2, 3, 6, 7, and 14 days. Samples were 
taken from each culture using sterile Pasteur pipettes, placed on 
glass slides, covered with glass coverslips, and viewed on a Leitz 
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microscope. Photographs were taken at day 2 using bright field, 
phase contrast, and dark field optics; Kodak Technical-pan film was 
used and developed with normal darkroom techniques. 
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CHAPTER 3: RESULTS 
Sequence analysis and comparison of the T U P  cDNA and 
genomic clones 
By comparing the linear sequence of a particular gene to the 
cDNAs made from the mRNA transcripts of the same gene, one can 
define the gene structure (length, exon-intron relationships, and 
important restriction enzyme sites) as well as predict the protein 
product that the gene encodes. To define the nucleotide and derived 
protein sequence of TUP, I began by using the 197 bp cDNA insert 
from pTUP2.c4 to screen approximately 400,000 XgtlO phage for 
near-full length cDNAs (~500 bp) as determined by previous RNA 
blot analysis (Wurtele, data not published). I randomly chose a total 
of 72 hybridizing plaques to further screen with the polymerase 
chain reaction (PGR) analysis (see Figure 2 for a representative blot 
of some of these PCR-screened phage). From the PGR reactions, a 
total of 29 phage appeared to contain inserts of correct size. I 
subcloned the insert from one of these phage, #2.7.1, into the 
Bluescript vector to form pTUPl.cl6. 
Figure 2 reveals that the some of the PGR reactions generated 
fragments of sizes larger than 0.5 kbp. These were further screened 
by EcoRI restriction enzyme digest. In preparation of the cDNA 
library, the cDNAs were ligated to EcoRI linkers (small 
oligonucleotides containing the EcoRI recognition sequence), trimmed 
with the EcoRI restriction enzyme, and then inserted into the EcoRI 
cloning site of the XgtlO phage (Basil Nikolau, personal 
communication). Therefore, if any of the larger, hybridizing 
Figure 2; PGR analysis of phage isolates. This figure 
demonstrates a subset of phage screened by PGR. Reactions were 
electrophoresed on 1.5% agarose gels and blotted to membranes 
which were probed with radiolabeled pTUP2.c4 insert to identify 
amplified TUP cDNA inserts. STDS: A,HindIII DNA markers used to 
identify relative molecular weights. 
fragments contained an EcoRI site internal from the insert's ends, it 
was due to cloning re-arrangements and not to a site endogenous to 
the cDNAs/gene. After restriction enzyme digest, the phage #1.10.1 
showed a hybridizing, smaller, EcoRI fragment of approximately 0.5 
kbp (data not shown). I subcloned this fragment from phage #1.10.1 
into Bluescript to form pTUP2.c55. These two subcloned cDNAs are 
schematically diagrammed in Figure 3 along with the original 
pTUP2.c4 clone and the T U P l  gene. The sequences of all three cDNAs 
are listed in Figure 5. 
To compile the linear sequence of the T U P  gene, I used the 
pTUPl.gS.l (g = genomic) clone. I analyzed this construct by internal 
sequencing with oligonucleotides directed to specific, known 
sequences, a technique known as primer walking (diagrammed and 
d e s c r i b e d  i n  C h a p t e r  2 ,  s e c t i o n  " I s o l a t i o n  a n d  s e q u e n c i n g  o f  t h e  T U P l  
gene). This method generated 2.1 kbp of sequence, schematically 
diagrammed in Figure 3 and listed in Figure 4. This sequenced 
region includes the transcribed as well as the 5' and 3' flanking 
regions of the TUPl gene. Comparison of the TUP genomic and cDNA 
sequences indicates that pTUPl.cl6 is 100% identical in sequence to 
the isolated gene fragment pTUPl.g3.1 and, therefore, represents the 
mRNA transcribed from the TUPl gene. 
Comparison of the cDNAs pTUPl.cl6 and pTUP2.c55 shows that 
both contain a complete open reading frame (ORF; complete infers 
that both a start and a stop codon are present) and a 3' untranslated 
region (UTR); however, pTUPl.cl6 includes the complete 5' UTR 
(Figure 5; see also the following section "Assessing the start site for 
transcription"). pTUP2.c55 contains a portion of the 5' UTR up to and 
including three of the nine CT repeats. The cDNAs differ mainly in 
the 3' untranslated region. pTUP2.c55 has a 10 bp insertion 22 bp 
down-stream from the stop codon not present in pTUPl.cl6. This is 
at position 263 in the pTUPl.cl6 sequence (see Figure 5). These 
cDNAs also contain several single nucleotide differences in both the 
3' UTR and the peptide coding region. The differences within the 
TUP1.C16 
TUP2.C55 
IR TR IR 
1390 
Pvull TATA 
-• V 
+ I 
TUP2.C4 
Hindi 
J 
ATG 
r 
+402 
1 
+800 
Figure 3: Schematic Diagram of the Sequence Region of the T U P \  Gene. Figure 3 depicts the 
regions 5' (-1390 to +1), transcribed (+1 to +402), and 3' (+402 to +800) in the TUP\ gene which 
have been sequenced. The transcribed region is depicted as a thick line and the open reading 
frame (ORF) as a box above the line. The start translation codon, ATG, is listed below the 
beginning of the ORF. The isolated cDNAs are aligned above the transcribed region according to 
their size and regions of homology relative to each other and to the TUP\ gene. The arrows 
depict the repeat sequences observed in the 5' flanking region; IR: inverted repeat; TR: tandem 
repeat. TATA: the cis-element which is responsible for transcription start. Hindi and PvuII are 
restriction enzyme sites used in genomic DNA analysis. 
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-1385  
gnggagagtttgaatggaaactggaaggaaatggctggnagaagtttgngaactttaccg 
-1325 
gtgaaccaccntggacaattgggggaaaatattcaaaatattcgtattgggaaaatttaa 
-1265 
tagttttaaatattcctgtcgtcccattttagttgtcacatttccctttttgttggtcaa 
-1205 
attgactaattttngacaaaaaattacaaatcattctttcattgttttaaaaaactgaaa 
-1145 
atnacatcttaaagtagatttaaagttatttccggtgacatttttttttatttttttaat 
-1085 
tgacaaaatattaataaatttcggtcagtttgacctatacaaaatcaattatgacaacta 
-1025 
aaatggacaaaatcaaatatgacaactaaaatgagacgtactcgaaatcatctactcaaa 
-965 
ctcttggttttaaattcatggcgttcgcatagtcgcatctgcaagtcgtactcgtagttg 
-905 
caagtttttccgcagatggcttacctaacagcaatgccgcaattaacaagcattccttca 
-845 
ccgaatgccacgttctaatctttcacaatcatgatgctcagatatttttctatggaatac 
-785 
cgagt ag tac tccctccgtctcaa ttta taggtcca ttt tggaa taaacacaca ta 11 aa 
-725 
aaaaaaaattaattaaataaaatcttatctcatatatcattaattaatacattaataaat 
-665 
aacraatataattaaatttcaaaaaaatcacaataaatataaaaatttaatacattaaaaa 
-605 
ataaaaataatattaaatttcaaaaaaatcacaattaatatataaataaatttatattaa 
-545 
aagaagggagggacaagtattttgggacaaaatgtttttccaaagtggacctataaattg 
-485 
ag'acggagggagtaaaacttttacctacatttcacgcgtaggagttccaaaggagtacgt 
-425 
ttgaaatcttgtgaaaatcaatttatctcaatattatgtcaggatacaaaatattatcca 
-365 
tttatctcgtaaaattcaaaaaaataattatcggcaatatatggagtagcaaacatgtaa 
-305 
cgttatggctcataaatgtatgtggagtatattaattgttgaaccgaggcttgaccgacc 
Figure 4; Sequence of the T U P l  Gene. Listed here are 1390 
nucleotides of the 5' flanking region, the coding region of the TUPl 
gene (402 nucleotides), and 380 nucleotides of the 3' flanking region. 
The transcribed region is listed in uppercase; the untranscribed 
regions are listed in lower case. The open reading frame of 60 amino 
acids is listed above the coding region in single letter form. The 
polyadenylation signal is in upper case and in bold. The TATA boxes 
are in lower case and in bold. The inverted repeats are italized and 
tandem repeats are underlined. 
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-245  
gttgtaggagtgggtcccggtggttgaaaggtccaactcaccgcccacgttgtagctgtt 
-185 
gcttttcacacattctaaaatctagctgttacgctgtttccaattttcaatattttactc 
-125 
cacccccagctgtcactccttaaccttttcccactactctttctcacagctcacacactc 
-65 
ttaatcgttaagtaaaaacaccatccctctataaatacacactcccctcccactctttca 
+1 
attcaTCTCAACACTCTCAATCCCCAACTCAAAAAACAAACTCTCTCTCTCTCTCTCTCA 
+55 
M A Q Q M M N L F F V V L A V V V A  
AAAATCAAATGGCTCAGCAAATGATGAACCTGTTCTTCGTAGTCCTAGCCGTAGTCGTAG 
+115 
V A S A Q E M A P A P S P D M G S G F S  
CCGTGGCTTCAGCTCAAGAAATGGCTCCAGCGCCCTCACCGGACATGGGCTCAGGCTTTT 
+175 
L P V S T A V V G T S L V F S L V A L F  
CTCTCCCTGTTTCAACCGCTGTCGTGGGAACCTCTCTTGTTTTCTCCCTGGTTGCTCTGT 
+235 
R H * 
TCCGTCACTGAGATGTTGAATTTTTATCCGTTTGTTGATATTATTACATTATATTTATTT 
+285 
ATAGTTTATACACGGCGCACCCTGGTGTGTGCCTGAGTTTGGGTTTGGTTATGTATCATT 
+345 
CATTTGTATTCTTTGGCTACTATTAATAAAATTCTTAGTTTATATCtctcttgtgtatct 
+405 
aattatttgttgtggccgttgggctatgaccaactcaaaacagaacgtattgtctgtaca 
+465 
aatctgttgataagtttgttaactataagatctctaaattctgttttgcatacttatcga 
+525 
atctggtaataaatggattctttttaactggttagctgcgtcctgtatctttgcacatta 
+585 
taagttcataacagatttctttctgatttttgaccaaacaaatacaataaaatctcgttt 
+645 
ttganatcgctganttgtatattaaaagaagacgtgtttttgtctggttgaagaatcggg 
+705 
ttcnttgggtttttttgttgaattaaaacacctgcttccgttttcatcaananttccccg 
+765 
cnggttcatgggaaaaattcctaaaaataaccctg 
Figure 4: continued. 
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1 
pi6 TCTCAACACT CTCAATCCCC AACTCAAAAA ACAAACTCTC TCTCTCTCTC 
p55 .... 
51 
ORF MAQ QMM NLF FVVL 
cl6 TCTCAAAAAT CAAATGGCTC AGCAAATGAT GAACCTGTTC TTCGTAGTCC 
c55 ...G 
101 
ORF AVV VAV ASAQ EMA PAP 
cl6 TAGCCGTAGT CGTAGCCGTG GCTTCAGCTC AAGAAATGGC TCCAGCGCCC 
c55 C 
151 
ORF SPDM GSG FSL PVST AVV 
cl6 TCACCGGACA TGGGCTCAGG CTTTTCTCTC CCTGTTTCAA CCGCTGTCGT 
c55 T 
201 
ORF GTS LVFS LVA LFR H* 
cl6 GGGAACCTCT CTTGTTTTCT CCCTGGTTGC TCTGTTCCGT CACTGAGATG 
c55 
c4 
251 
cl6 TTGAATTTTT ATC CGTTTGT TGATATTATT ACATTATATT 
c55 CGCTGGG CTT 
c4 CGCTGGG CTT 
301 
cl6 TATTTATAGT TTATACACGG CGCACCCTGG TGTGTGCCTG AGTTTGGGTT 
c55 
c4 
351 
cl6 TGGTTATGTA TCATTCATTT GTATTCTTTG GCTACTATTA ATAAAATTCT 
c55 G 
c4 G 
401 422 
cl6 TAGTTTATAT CAAAAAAAAA AA 
c55 
c4 CC 
Figure 5: Comparison of the T U P l  and TUP2 cDNAs. The 
nucleotide sequences are 97% identical; identical sequence is noted as 
a period; differences are listed in capital case; asterisk denotes stop 
translation codon. Note that all single base pair differences in the 
coding region do not change the amino acid sequence. 
coding region do not change the amino acid composition of the ORF 
and so represent silent variations (see Figure 5). It is these 
differences which have guided me in determining that the cDNAs 
originated from two different gene sequences. 
pTUP2.c4 is 100% identical in sequence to pTUP2.c55 except for 
the last 2 nucleotides just prior to the poly-A sequence (Figure 5). 
These two nucleotides may be insertion artifacts from subcloning or 
m a y  r e p r e s e n t  s l i g h t  d i f f e r e n c e s  i n  t r a n s c r i p t i o n  s t o p  o f  t h e  T U P 2  
gene. Without the TUP2 gene sequence, the explaination for these 
two base pairs remains speculative. 
Analysis for potential ORFs in the T U P l  gene reveals several 
small, complete ORFs including the TUP protein scattered throughout 
the sequenced region (Figure 6). Note that the ORFs all small and 
that all contain start and stop codons. The same algorithm applied to 
pTUPl.cl6 reveals three ORFs associated with the beginning of the 
cDNA corresponding to the three possible reading frames, and also a 
fourth ORF near the 3' end of the cDNA (see Figure 6). Note that the 
ORFs listed from the initial 5' nucleotides were not generated in the 
test for ORFs in the TUPl gene sequence. Therefore, the three ORFs 
corresponding to the beginning of pTUPl.cl6 are most likely the 
result of the search process of the algorithm and are not 
representative of a "down-stream exon." Note that the TUP ORF is 
present in the first open reading frame (Figure 6, in bold). Also note 
that the fourth ORF is in the region of the 10 bp insert of c55 and c4, 
and also ends 100 bp away from the poly-A addition site. This is an 
unusual location for an ORF, and a model for such an ORF location has 
ORFs in the pTUPl.cl6 sequence 
1 TCTCAACACTCTCAATCCCCAACTCAAAAAACAAACTCTCTCTCTCTCTCTCTCAAAAAT 60 
O R F l  S Q H S Q S P T Q K T N S L S L S L K N  
0 R F 2  L N T L N P Q L K K Q T L S L S L S K I  
0RF3 STLSIPNSKNKLSLSLSQKS 
61 CAAATGGCTCAGCAAATGATGAACCTGTTCTTCGTAGTCCTAGCCGTAGTCGTAGCCGTG 120 
O R F l  Q M A Q Q M M N L P F V V L A V V V A V  
0RF2 K W L S K * 
0RF3 NGSANDEPVLRSPSRSRSRG 
121 GCTTCAGCTCAAGAAATGGCTCCAGCGCCCTCACCGGACATGGGCTCAGGCTTTTCTCTC 180 
O R F l  A S A Q E M A P A P S P D H 6 S 6 F S L  
0RF3 FSSRNGSSALTGHGLRLFSP 
181 CCTGTTTCAACCGCTGTCGTGGGAACCTCTCTTGTTTTCTCCCTGGTTGCTCTGTTCCGT 240 
O R F l  P V S T A V V G T S L V F S L V A L F R  
ORFS CFNRCRGNLSCFLPGCSVPS 
241 CACTGAGATGTTGAATTTTTATCCGTTTGTTGATATTATTACATTATATTTATTTATAGT 300 
O R F l  H  *  
0RF2 MLNFYPFVDI ITLYLFIV 
0RF3 L R C * 
301 TTATACACGGCGCACCCTGGTGTGTGCCTGAGTTTGGGTTTGGTTATGTATCATTCATTT 3 60 
0 R F 2  Y T R R T L V C A *  
361 GTATTCTTTGGCTACTATTAATAAAATTCTTAGTTTATATCCAAAAAAAAAAAA 414 
Figure 6: Open Reading Frames of pTUPl.cl6 and TUP gene. Listed here are other open 
reading frames generated by the Map algorithm in the Genetic Core Group database in both the 
cDNA and gene sequences. The open reading frame termed TUP is listed in bold in the pTUPl.cl6 
sequence. Note that the ORFs from the TUP\ gene sequence are in different reading frames. The 
algorithm lists the TUP ORF in the third reading frame in the gene sequence. 
ORF A in the TUFl gene 
-1025 AAATGGACAAAATCAAATATGACAACTAAAATGAGACGTACTCGAAATCATCTACTCAAA -966 
F r a m e l  M T T K M R R T R N H L L K  
-9 6 5 CTCTTGGTTTTAAATTCATGGCGTTCGCATAGTCGCATCTGCAAGTCGTANTCGTAGTTG -9 0 6 
F r a m e l  L L V L N S W R S H S R I C K S 7 S *  
ORF B in the TUFl gene 
-429 ACGTTTGAAATCTTGTGAAAATCAATTTATCTCAATATTATGTCAGGATACAAAATATTA -370 
Frame3 M S G Y K I L 
-369 TCCATTTATCTCGTAAAATTCAAAAAAATAATTATCGGCAATATATGGAGTAGCAAACAT -310 
F r a m e s  S I Y L V K F K K I I I G N I W S S K H  
-3 0 9 GTAACGTTATGGCTCATAAATGTATGTGGAGTATATTAATTGTTGAACCGAGGCTTGACC -250 
F r a m e 3  V T L W L I N V C G V Y *  
Figure 6; continued. 
not been reported to date to the best of my knowledge. These data, 
in combination with the primer extension data (see the following two 
sections) and the size of the mRNA as previously determined by Eve 
Wurtele, suggest that the TUPl gene has been structurally identified 
and that the most likely ORF for the TUPl gene is represented by bp 
64 to 246 of pTUPl.cl6. 
Sequence analysis of the T U P l  gene promoter 
Sequence comparison of the 5' flanking regions of genes to 
known cis-elements (sequences known to control transcription) can 
provide an initial understanding as to the structure and the 
transcription start site of a gene. The TUPl promoter contains two 
potential TATA boxes at positions 1343 and 1359 (see Figures 4 and 
7). Only the most 3' TATA sequence, TCTATAAATA, matches 100% 
the predicted sequence for start of transcription in plants (82); 
however, primer extension analysis suggests that both sequences 
may be functional (see discussion in the following section). Further 
analysis is required to correctly assess the function of these 
sequences. 
Also note-worthy are the potential scaffold attachment regions 
situated near the TUPl gene at positions 286, 648, and 760 (see 
Figures 4 and 7). Such motifs have recently been reported to 
influence the stability and expression of transgene constructs (83). 
Analysis of the TUPl promoter region for other cis-elements (listed 
in Table 5) generated some potential candidates (Figure 7); however, 
deletion assays linked to a reporter gene are needed to clearly define 
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TATA TATAA 
1,337: TTAAG TAaAAA CACCA 
1,354: CCCTC TATAAA TACAC 
CAATT CAATT 
520: TGCCG CAATT AACAA 
622: CGTCT CAATT TATAG 
816: AATCA CAATT AATAT 
983 : AAAAT CAATT TATCT 
1,245: GTTTC CAATT TTCAA 
GARE TAACAAA 
228: TGTTT TAAaAAA CTGAA 
524: GCAAT TAACAAg CATTC 
1,418: TCAAA aAACAAA CTCTC 
GARE2 TATCCAC 
1,019: AATAT TATCCAt TTATC 
SARA-Box 
SART-Box 
auxin2 
auxin3 
aiixinS 
643; 
755; 
283 ; 
286; 
288; 
275; 
719; 
971; 
154; 
617: 
686; 
693; 
984; 
1,023: 
732: 
794; 
AATAAA{T,C)AAA 
AATAAA(C)AAA 
TTTGG AATAAACAcA CATAT 
AATAAA(T) AAA 
ATCAC AATAAATAtA AGGAT 
TTWTWTTWTT 
ACATT TTTTTTTATT TTTTT 
TTTTT TTTTATTTTT TTAAT 
TTTTT TTATTTTTTT AATNG 
GTGAC 
TTCCG GTGAC ATTTT 
GATAA GTGAg AATAT 
ATCTT GTGAa AATCA 
TTAGT 
CCCTC 
AATCT 
TCTCA 
CAATT 
CCATT 
TGTCTC 
TGTCaC 
cGTCTC 
TaTCTC 
TGTaTC 
TaTCTC 
TaTCTC 
ATTTC 
AATTT 
ATGTA 
ATTGA 
AATAT 
GTAAA 
TGAGTCT 
ATAGT TGAGTtT CAAAA 
AATGT TGAGTtT CAAAA 
( 8 2 )  
( 8 2 )  
(92) 
(92) 
(94) 
(94) 
(94) 
(96) 
(97) 
(96) 
Figure 7: Potential cis-elements in the T U P l  promoter region. 
Numbering denotes the location of the potential cis-element in the 
TUPl gene sequence. The known cis-element sequence is listed 
above the potential TUPl sequences and referenced in the right hand 
column. Mismatches are in lower case. See also Table 5. 
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Table 5: Cis-elements searched for in the T U P l  promoter 
Element Sequence Reference 
G-Boxl TCTTACACGTGGCAYY 84 
G-Box2 GCCACGTGGC 85 
G-Box3 GTACGTGGCG 85 
Tata box TATAAA 82 
CAATT Box CAATT 82 
ABAl GTACGTGGCGC 85 
ABA2 CACGTGGC 86 
ABA3 CGCCGCGCT 87 
LRE CCTTATCAT 88 
GT1BOX2 GTGTGGTTAATATG 89 
GT1BOX3 ATCATTTTCACT 90 
3AF1LRE AAATAGATAAATAAAAACATT 91 
GARE TAACAAA 92 
GARE2 TATCCAC 92 
CAMP TGACGTCA 93 
phorbol TGA(C,G)TCA 93 
SARA-Box AATAAA{T,C)AAA 94 
SART-BOX TTWTWTTWTT 94 
auxinl ATATAG 95 
auxin2 GTGAC 96 
auxinS TGTCTC 97 
auxin4 GGTCCCAT 97 
auxinS GACATAAGCAGATATGTAATTACCCAA 98 
avixin6 TGAGTCT 96 
axixin7 ATAGCTAAGTGCTTACG 96 
dst GGANNNNNNCATAGATTNNNNNNNMWWT 99 
DefenseA CCTACCN{1,7}CT 100 
DefenseB TCTCACCTACCA 101 
DefenseC CCAACAAACCCC 101 
which areas of the T U P l  promoter are regulating it's transcription. 
The nucleotide sequences of the 5' flanking region of the T U P l  
gene as well as the cDNAs contain several repeat motifs (see Figures 
3 and 4). Approximately 700 bp upstream from the transcription 
start site at bp 778 is an inverted repeat of 39 bp corresponding to a 
site down-stream 200 nucleotides at bp 512. Internal to this 
inverted repeat is a tandem repeat of 55 bp per repeat at sites 682 
and 620. These tandem repeats are separated by 7 bp and are 
unrelated in sequence to the inverted repeat. The inverted repeat 
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and the tandem repeat may have a role in transcription initiation or 
enhancement. An auxin-regulated gene, par A, from tobacco contains 
a 111 bp tandem repeat in its promoter which, according to one 
report, is sufficient for initiating auxin-induced transcription of the 
parA-glucuronidase fusion gene (102). However, this hypothesis 
needs to be tested by deletion assays linked to a reporter gene to 
correctly assess whether they have any affect on the transcription of 
the TUP I gene. Indeed, these repeats in the TUP\ gene may not 
function in transcription regulation, but may be "footprints" of 
transposable elements as described in the maize genome (103). 
A CT dinucleotide repeat is present within the transcribed 
region of the TJJPl gene and both near-full leng± cDNAs, pTUP2.c55 
and pTUPl.cI6. This dinucleotide repeat is seen in the 5' UTRs of 
other mRNAs, which are compiled in Figure 8. The shared similarity 
in the length of the CT repeat, the nucleotide sequences flanking the 
repeat, and the location of these related sequences in the 5'UTR of 
mRNAs suggests that this sequence structure serves a function. 
Dinucleotide repeats have gained some attention recently with 
reports that they bind to nuclear factors when present in the 
promoter region. A recent report concerning a homopurine/ 
homopyrimidine structure in the c-Ki-ras gene, the EGF-R gene, and 
the c-myc gene promoters describes the repeated structure to be 
nuclease sensitive and that it binds a nuclear factor (104). The 
Hox-3 gene family in mice, a homeobox gene family which 
participates in the oncogenetic program in vertebrate development, 
contains CT dinucleotide repeats in both the promoter and UTRs of 
5' 3 ' 
D.discoideum CARl . . ..TAATTAAAACTTTA....TCTCTCTCTCTCTCTCT AATAT.CAAAT 
D.discoideum quitl AATTAAAACTTTA....TCTCTCTCTCTCTCTCT AATAT.CAAAT 
D.carota TUPl .CCAACTCAAAAAACAAA...CTCTCTCTCTCTCTCTCTC...AAAAAT.CAAATGG.... 
D. car Ota DFRT GAAAA. . . . TCTCTCTCTCTCTCTCTC. . . GGAAAT. CAAT 
B.napus eye1in CCTTCA.TTTTAAATTCTCA..TCTCTCTCTCTCTCTCTC....ACACT.CAATTCAAATT 
N.tabacum PSII 23kDa CCTCACTCAAGTAATTACAT.CTCTCTCTCTCTCTCTCTCT.AAAAGAT 
Figure 8: Alignment of CT dinucleotide repeat in the 5' UTR of mRNAs. This alignment 
was generated by the Pileup algorithm in the Genetics Core Group database. Only a portion of 
the mRNA sequences are included in the alignment. Note the general length of the CT repeat 
(~9 pairs) and the A and T rich sequence surrounding the repeat. Note also that five of the six 
sequences have in the 3' flanking region a CAA(A/T)T motif. Periods are included in the 
sequences so as to optimize alignment. All sequences were taken from the GenBank database 
and are located in the 5' untranslated region of the mRNAs, Assession numbers: Dictyostelium 
discoideum CARl = #L09637, D. discoideum quitl = X79016, Daucus carota Dihydofolate 
reductase - thymidylate synthase transit peptide (DFRT) = Z33383, Brassica napus cyclin = 
L25406, Nicotiana tabacum PSII 23kDA - 02 complex = X58910. 
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these genes. These sequence repeats also bind a nuclear factor (105). 
Future experiments could include a) deletion of this region and b) 
insertion of the C-T repeat into foreign RNAs to test the hypothesis 
that this repeat has a functional role in mRNA stability or processing. 
Assessing the start site for transcription 
Marking the transcription start site of a gene can define 
whether the isolated cDNAs represent full-length mRNA transcripts 
and can also provide evidence concerning the utility of predicted 
TATA cis-elements. Primer extension analysis, one technique used to 
determine the start site of transcription, indicates that transcription 
is initiated 60 bp up-stream from the start codon of the ORF (Figure 
9). This analysis also produced a second band 18 bp larger than the 
previously mentioned product. This would correspond to a transcript 
beginning 78 bp up-stream from the translation start codon. Two 
potential TATA boxes are located 5' of the transcription start site, 
and may represent separate and equally useful start transcription 
sites (see Figure 4). Alternatively, the two primer extension bands 
may represent the start sites of the distinct TUP\ and TUP2 genes. 
The data, in combination with the gene and cDNA comparisons, does 
demonstrate that the TUP mRNA is transcribed from the region 
sequenced in the pTUPl.g3.1 fragment and is not a composite post-
transcriptionally derived with other exons. 
The pTUPl.cl6 cDNA extends three bp 5' of the most 3' start 
transcription site as delimited by primer-extension analysis. This 
can be interpreted as flexibility in the precise start transcription site 
5  1  
E  
A C  G  T  A  X  
Figure 9: Primer extension assay. The bands in each lane 
represent the nucleotide base listed above the lane. The sequence 
reads 5' to 3', bottom to the top of the photo. The arrows mark the 
extension products which correspond to the position of the base 
which has co-migrated with it, and therefore, are equivalent to its 
molecular weight and distance from the primed sequence site. 
or the cDNA may represent an mRNA which was initiated from the 
most 5' TATA site. The primer-extension data at minimum confirms 
that the pTUPl.cl6 cDNA represents a near-full length RNA 
transcript. These data, in combination with the sequence data from 
the gene and the cDNAs affirm that the TUP I gene encodes a 402 bp 
mRNA, that the gene is transcribed as a single, uninterrupted exon, 
and that the mRNA contains a 183 bp ORF encoding a 60 amino acid 
polypeptide. 
Appraisal of gene organization and copy number 
Use of genomic Southern analysis can reveal the number of 
related gene copies present in the genome and the relationship of 
isolated and sequenced gene fragment(s) to these gene copies. To 
resolve the copy number of the TUP gene(s) and to determine if 
5 2  
other, related sequences exist in the carrot genome, I set up 
experiments involving restriction enzyme analysis and the Southern 
blotting technique. All of the restriction enzymes used cut once 
within the multiple cloning site (MCS) of the plasmid Bluescript and 
do not cut within the cDNA sequences pTUPl.cl6 or pTUP2.c55. 
Sequence analysis suggests that the sites for the restriction enzymes 
BamHI, EcoRl, Hindlll, PstI, Sail, Xbal, and Xhol do not exist in the 
sequenced regions of pTUPl.gS.l (Figure 10). The digests of the 
plasmid with these enzymes corroborate with the computer analysis, 
showing only one band per digest lane, demonstrating that these 
enzymes cut only once within the MCS (Figure 11). The EcoRI 
enzyme cuts out the 3.1 kbp TUP\ insert because it is the subcloning 
site for the gene fragment (refer to Chapter 1, section "Tissue Culture 
and the TUPl Gene"). Gel analysis shows two bands in the EcoRI 
digest lane: the plasmid band (2.8 kbp) and the insert (3.1 kbp). 
The restriction enzymes Kpnl and SstI show two and three 
bands, respectively, demonstrating restriction sites in the gene 
fragment; however, sequencing did not reveal any sites for these 
enzymes. Because the SstI fragment is very small, it must be near 
the edge of the insert closest to the MCS site for SstI (see Figures 10 
and 11). Since the Kpnl digestion lane shows fragments sizes 
comparable to the 2.8 kbp and 3.1 kbp EcoRI fragments, and 
sequence analysis does not reveal a restriction site for Kpnl, the Kpnl 
locus within the genomic fragment must be near the edge of the 
insert opposite from the MCS site for Kpnl (see Figures 10 and 11). 
MCS 
n  o  K „  Pv Ss BI Ss I He 
J 
Xbps 
Pv He 
MCS 
RI Xh 
c| Pv J_ 
H3 S K 
Figure 10: Schematic of restriction enzyme sites in the pTUPl.g3.1 sublcone. This is a 
schematic diagramming relative locations of restriction enzymes sites in the genomic plasmid 
subclone pTUPl.g3.1. The open box and the black box portrays the entire genomic fragment of 
~ 3.1 kbp. The black box represents the regions sequenced in the "primer walk" experiment. 
The box containing diagonal stripes depicts the transcribed region of the TUP gene. MCS denotes 
the "multiple cloning site" present in the pBluescript plasmid. Restriction enzymes sites - RI; 
EcoRI, Pv: PvuII, Ss: SstI, Xb: Xbal, B: BamHI, P; PstI, He: Hindi, K: Kpnl, H3: Hindlll, S: Sail, Xh: 
Xhol. 
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Figure 11; Digestion of the pTUPl.gS.l with several restriction 
enzymes and gel electrophoresis of the products. The DNA standard 
is A,HindIII. The numeric values in the left hand column represent 
the molecular weights of the DNA standards. Each lane is labeled as 
to the restriction enzyme used. Uncut plasmid DNA was included in 
the electrophoresis as a control to compare to the digestion 
products. 
Hindi and PvuII both have known restriction sites within the 
sequenced region of the TUP\ gene. The restriction digest data are in 
agreement with this, showing several bands in the Hindi lane and 
two band in the PvuII lane. pBluescript contains two sites for PvuII, 
and the sequence demonstrates at least one site for PvuII; however, 
the restriction pattern of the gel shows only two bands when three 
bands should be present. I interpret the upper band in the PvuII 
lane as an unresolved doublet. The multiple bands in the Hindi 
digest is a surprise. Since the sequence and the MCS contain only one 
site each for Hindi, other sites must exist within the genomic 
fragment insert. Moreover, these sites must be near the edges of the 
insert which would account for the smaller fragments in the gel 
analysis (see Figures 10 and 11). 
Because PstI and EcoRI did not cut within the isolated gene 
fragment, and because Hindi and PvuII are definitive sites within 
the TUP I gene sequence (see Figures 10 and 11), I chose these 
enzymes to use in the genomic DNA digest analysis. Southern blot 
analysis of carrot genomic DNA using the pTUP2.c55 insert as probe 
shows multiple, hybridizing restriction fragments in the EcoRI, 
Hindi, and PvuII digests (Figure 12). These enzymes do not cut 
internal to the cDNA inserts (see Figure 3). Hybridization of the gel 
blot with the 3' UTR (pTUP2.c4 insert) under high stringency (high 
temperature/ low salt concentration) also reveals multiple 
hybridizing bands in the digested genomic DNA lanes suggesting that 
these fragments represent multiple members in the TUP family. 
These multiple, hybridizing fragments are reduced to a single 
hybridizing band in HincII/PvuII double digested DNA. Since the 
PvuII and Hindi restriction sites are in the 5' and 3' flanking regions 
of the gene respectively (see Figure 3), regions which are less likely 
to be constrained in sequence variation as compared to transcribed 
and protein encoding regions, this data suggests that the members of 
the TUP gene family are closely related and organized in a similar 
manner. 
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Figure 12: Assessment of TUP gene copy number. Ten 
micrograms of carrot genomic DNA was restriction enzyme digested 
with the enzymes EcoRI, Hindi, PvuII, and PstI and the reaction 
products electrophoresed on 0.8% agarose gel. A,HindIII fragments 
were co-electrophoresed as molecular weight markers. The gel was 
Southern blotted to MSI membrane and probed with the 
radiolabeled form of the pTUP2.c4 insert under high stringency 
hybridization conditions. 
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Note that the EcoRI hybridizing fragments in Figure 12 are not 
3.1 kbp in size. Polymorphism of the genome at the TUPl gene locus 
has not been assessed. A wild type carrot genome was used in the 
Southern analysis, and a domestic genome was used to construct the 
library from which pTUPl.g3.1 was subcloned. The facts that two 
different genomes are the source material for the data gathered and 
that a hybridizing, 3.1 kbp EcoRI fragment is not present in the 
genomic Southern analysis can be interpreted as suggesting 
polymorphism at this locus. These data together with the sequence 
data demonstrate that the TUP genes are a small, closely related 
family of genes encoding similar mRNAs in carrot. 
Determining T U P  mRNA accumulation patterns 
By measuring the accumulation of the T U P  mRNA at the gross 
anatomical level as well as measuring which growth regulators affect 
its accumulation, one can form hypotheses as to which structural and 
physiological phenomena the TUPl gene contributes a role. I used 
RNA gel blot analysis to determine the pattern of TUP mRNA 
accumulation in plant organs and carrot seedlings (Figures 13 and 
14). The mRNA blot analyses depict a single hybridizing band of 
expected size (-0.4 kbp) accumulating in all tissues examined. Roots 
and flowers contain the highest levels of TUP mRNA accumulation 
(Figure 13). Mature, green cotyledons contain some TUP mRNA, but 
at far lower level as compared to roots and flowers. Leaves from 
adult plants accumulate barely detectable levels of the TUP mRNA. 
The seedlings used were 10 days old (after germination) and had 
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Figure 13: Accumulation pattern of the TUP mRNA in various 
carrot organs and in seedlings infected or not infected with 
Sclerotinia sclerotiorum. Ten micrograms of total RNA from carrot 
organ or whole seedling was loaded per lane, electrophoresed on a 
denaturing-agarose gel , blotted, and probed with radiolabeled 
pTUP2.c55 insert. Blot was reprobed with a radiolabeled fragment 
of the IBS rRNA as a loading control. 
both mature cotyledons and primary roots, but had not initiated 
primary leaf formation. Therefore, the hybridizing band in the 
seedling lane can possibly be attributed to the accumulation of the 
mRNA in the root. 
mRNA blot analysis of 10 day old carrot seedlings grown for 
two days in the presence of various plant growth regulators shows 
that 2,4-D (a synthetic auxin) increases accumulation of the mRNA as 
does abscisic acid but to a lesser extent (Figure 14A). The other 
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Figure 14: Growth regulator affect on TUP mRNA 
accumulation. Seedlings were grown for two days in the presence 
of 10 |iM of each growth regulator, harvested, and total RNA 
extracted from whole seedlings. A: Seedlings cultured with only 
one regulator. B: Seedlings cultured with both 2,4-D and the 
regulator listed above each lane; control is water and 2,4-D. Ten 
micrograms of each RNA was electrophoresed on denaturing 
agarose gels, blotted, and probed with radiolabeled pTUP2.c4 insert. 
Blots were reprobed with a radiolabeled fragment of the 18S rRNA. 
DMSO: solvent control for BA. BA: benzyladenine, 2,4-D: 2,4-
dichlorophenoxyacetic acid (a synthetic auxin), GA: gibberellin A3, 
ABA: abscisic acid, JA: jasmonate, SA: salicylate. 
regulators - benzyladenine (a synthetic cytokinin), gibberellin (GA3), 
s a l i c y l i c  a c i d ,  a n d  j a s m o n i c  a c i d  -  d o  n o t  c a u s e  a n  i n c r e a s e  i n  t h e  T U P  
mRNA accumulation in seedlings. Seedlings treated with 2,4-D and 
either benzyladenine, gibberellin, or abscisic acid did not show any 
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Figure 15: Accumulation of the TUP mRNA over time in 
response to auxin stimulus. Ten mM of 2,4-D, a synthetic auxin was 
exogenously applied to 10 day old seedlings, and cultured for 
various times (hrs: hours). Total RNA was extracted from whole 
seedlings; 10 mg of RNA was electrophoresed on denaturing agarose 
gels, blotted, and probed with radiolabeled pTUP2.c4 insert. Blot 
was reprobed with a radiolabeled fragment of the 18S rRNA. 
change in the effect of auxin on the accumulation of the T U P  mRNA 
(Figure 14B). RNA blots generated from seedlings treated with 2,4-D 
and then harvested at different times after treatment indicate that 
the TUP mRNA accumulation increases within 30 minutes after 
application of the auxin, and that the relative level of the mRNA 
reaches a maximum soon after 30 minutes (Figure 15). These 
experiments indicate that auxin and abscisic acid increase the 
relative accumulation rate of the TUP mRNA, and that neither a 
synergistic nor an antagonistic interaction occurs between the growth 
regulators tested as measured by the relative accumulation of the 
TUP mRNA. 
Searching for T U P  mRNA localization in tissues 
Localization of a gene product to specific tissues in a plant can 
corroborate and also dismiss hypothetical functions of the gene 
product. For example, if a gene is accumulating in a leaf, one could 
hypothesize that the function has to do directly with photosynthesis; 
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however, if in situ localization shows that the mRNA is present only 
in the vascular portions of the leaf, the hypothesis must be modified. 
I attempted to localize the TUP mRNA using in situ hybridization 
techniques (Figure 16). Note that the endogenous mRNAs are sense 
in relation to transcription direction and the double strand of the 
gene; therefore, the sense cRNA transcripts should not hybridize to 
the tissue mRNAs, and the antisense cRNAs should hybridize and 
thereby produce the detectable silver grains for localization. 
I chose the adult root since it demonstrated a high level of 
mRNA accumulation (Figure 13), and I chose the zygotic embryo 
because preliminary analysis showed that the mRNA accumulated in 
somatic embryos (data not shown). I used the EMBl cDNA as a 
known, published gene to control for hybridization efficiency and 
background (74). The data reveal that the EMBl antisense cRNA is 
specific to the embryo as compared to the sense cRNA which gives 
only diffuse silver grains. The TUP antisense and sense cRNA probes 
do not show a specific localization in the embryo or endosperm. This 
could be due to the fact that the mRNA does not accumulate to as 
high a level as does the EMBl mRNA (data not shown) and therefore 
i s  b e l o w  t h e  t h r e s h o l d  o f  d e t e c t i o n  i n  t h e  i n  s i t u  a n a l y s i s .  T h e  T U P  
antisense cRNA does hybridize heavily over the xylem vessels of the 
r o o t  a n d  t h r o u g h o u t  t h e  o t h e r  t i s s u e s .  H o w e v e r ,  n o t e  t h a t  t h e  T U P  
sense cRNA hybridizes in the same pattern, although less dense, as 
do the EMBl sense and antisense cRNA probes. 
I attempted to remove this background pattern by modifying 
the technique (data not shown). Hypothesizing that the aldehydes 
Figure 16: In situ hybridization with EMB\ and T U P  probes on carrot embryos and roots. 
Carrot zygotic embryos and endosperm as well as carrot roots were probed with radiolabeled 
sense and antisense RNA probes prepared from transcription vectors containing either the 
embryo-specific clone EMBl or the pTUP2.c55 clone. A, F: bright field photographs of sections 
from embryos or roots (respectively) stained with toluidine blue O. B, C, G, H: EMBl probes. D, E, 
I, J: pTUP2.c55 probes. B, D, G, 1; sense probes. C, E, H, J: antisense probes. 
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may be contributing to the pattern, tissues were fixed in FAA, an 
alternative fixative. Other modifications included increasing probe 
concentration (to increase signal relative to noise), adding a 0.2 M HCl 
pretreatment step (to eliminate secondary structure in the tissue 
mRNAs), washing the hybridized slides at 65oC for all wash steps (to 
increase stringency and thereby decrease noise), and adding 50% 
formamide to all washes (also increases stringency and thereby 
decreases noise. Only the addition of 50% formamide to the wash 
steps helped to decrease the intensity of the mimed pattern. This 
modification was used on all the root sections shown in Figure 16. 
This mimicked pattern for all probes creates a reasonable 
uncertainty as to the specific localization of the TUP mRNA. 
C o n s e q u e n t l y ,  t h e  i n  s i t u  a n a l y s i s  d o e s  n o t  d e m o n s t r a t e  t h a t  t h e  T U P  
gene is localized in temporal or spacial regions correlated to specific 
stages of plant development, nor has the technique assisted in 
assessing the viability of hypothesis that the TUP gene participates in 
cell elongation and plant growth. 
Examination of the TUP polypeptide for predicted structure 
and related proteins 
Comparison of the T U P  I  open reading frame to proteins whose 
function is known, and analysis of the peptide sequence with 
algorithms which predict structure and peptide motifs based on 
known sequences provides a base from which one could predict the 
potential structure and the function of the TUP I gene product. 
Sequence analysis of the TUP I gene affirms an open reading frame of 
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180 bp, coding for a 60 amino acid polypeptide with a predicted 
mass of 6194 Daltons and pi of 5.3 (Figure 17). 
The overall organization of the TUP protein contains two 
regions: amino acids 1-22, designated pre, and amino acids 23-60, 
designated mature. The pre domain is 22 amino acids in length and 
contains a large number of hydrophobic amino acids; valine, alanine, 
and phenylalanine. The predicted secondary structure of the pre 
domain is a-helix based on parameters by both Chou-Fasman and 
Garnier-Osguthorpe-Robson as defined by the Peptidestructure 
algorithm in the GCG Computer Group. This hydrophobic core is 
followed by several proline residues which initiate turns in 
polypeptide chains. This structural arrangement follows the n-h-c 
structure of signal peptides as described by Nothwehr and Gordon 
1990 (106). Moreover, the pre domain has 60-85% identity to signal 
peptides from various polypeptides as determined by FastA searches 
(Figure 18), and meets the parameters of a leader sequence as 
analyzed by the protein prediction algorithm PSORT at GenomeNet, 
Japan. 
The mature sector is composed of mainly hydrophobic amino 
acids, but the N-terminal region of this sector (amino acids 23-43) 
does contain a number of serines, methionines, an aspartate, a 
glutamate and a glutamine which give TUP its acidic, hydrophilic 
component. Four prolines and a glycine in this same central region 
permit a flexibility in the polypeptide. The predicted structure 
based on rules of Chou-Fasman is that of p-sheet, but has no 
specified configuration as determined by parameters of Gamier-
pre I mature 
1 60 
MAQQMMNLFF WLAVWAAA SAQEMAPAPS PDMGSGFSLP VSTAWGRSL VFSLVALFRH 
GOR hhhhhhhhhh hhhhhhhhhh hhhh ttt hh hhhhhhhhhh 
CF bbbbbbbbbb bbbbbbhhhh hhhhhh..tt tttttt.... bbbbbb.ttb bbbbbbbbbb 
Figure 17: Sequence TUP protein and predicted secondary sequence. Listed here is the 
complete open reading frame (ORF) of the TUP gene. The pre and mature designations above the 
linear sequence denote the putative signal and post-translationai processed forms of the TUP 
protein. The lettering beneath the sequence is the predicted secondary structure for the domain 
listed directly above it. GOR denotes the prediction based on Garnier-Osguthorpe-Robson 
parameters; CF denotes the prediction based on Chou-Fasman parameters. An h denotes an alpha 
helix; a t denotes a turn in the peptide; a b denotes a beta sheet; a period denotes no prediction. 
Note that certain amino acids are not found in the TUP protein: lysine, tyrosine, tryptophan, 
cysteine, asparagine, isoleucine. Note also the large number of serines and prolines present in the 
mature region of the protein. 
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N-terminus Hydrophobic core 
bremia MKFSQ. . . ILVLAAIAVAAISA. . . 
TUPl MAQQMMN. . LFFWLAVWAAASA. . . 
bras s 1 MARQ. . FWLALLALWATAFAA. 
tobacco MAYSR. .MMFAFIFALVAGSAFA. . 
physar MQVRN. . ILVALVWCFAVSEAAT. 
pine MEKIM. .VLVCIMSFTILGLSSAQ. 
C-terminus 
.QDAAPATTPDT 
.QEMAPAPS.. 
.EAPSAAPTA. 
.QAPGASPAA. 
.QAPTSPPD.. 
.EINHAAAV.. 
Figure 18: Alignment of leader sequences from various 
polypeptides. These leader sequences are compiled by the Pileup 
algorithm of the Genetics Core Group database and divided in the 
format as outlined by Nothwehr and Gordon, 1990 (99). The 
sequences were obtained from GenBank database. Accession 
numbers; Bremia lactucae ham34 protein = splQ99074, Brassica 
napus arabinogalactan protein = gplL47352, Nicotiana tabacum 
arabinogalactan protein = gplU 13066, Physarum polycephalum 
spherulin IB = splP09351, Pinus taeda arabinogalactan protein = 
gplU09556. 
Osguthorpe-Robson except that the C-terminus (amino acids 49-60) 
is a-helical. 
The protein prediction algorithm PSORT suggests that the TUP 
protein meets the structural requirements of a GPI-anchored protein. 
These proteins are directed to the ER via a signal, leader sequence, 
where they are attached to the lipid-carbohydrate mooring (65). 
These proteins also have as a second, hydrophobic signal sequence at 
the C-terminus which is cleaved off during the attachment of the 
anchor. The most common amino acid for the non-proteinaceous 
modification to be attached is serine (65), which the TUP protein has 
just N-terminal to amino acids 49-60, the hydrophobic tail. 
Therefore, the TUP protein meets the general structural require­
ments for a GPI-anchor, and is a potential candidate for this post-
translational modification. 
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FastA searches of databases reveal that the N-terminus of the 
mature domain (amino acids 24-48) has approximately 40% identity 
to the central domain in the cathelin family of peptides, a class of 
antibacterial peptides found in mammals (Figure 19). The 12 
carboxyterminal residues are not similar in motif to any other 
protein domain listed in the databases. The FastA searches also 
revealed that the mature region from amino acids 24 to 48 is similar 
to arabinogalactan polypeptides (Figure 20). These large 
polypeptides are typified by repeating sectors rich in 
hydroxyprolines and are densely 0-glycosylated (107). These FastA 
searches also reveal identity to other, large proteins, but only in 
limited, disconnected, short sectors of each protein, and are, 
therefore, not included in my final analysis. FastA searches of the 
Arabidopsis EST (Expressed Sequencing Tag) database show that the 
TUP protein is similar in sequence to other ORFs in Arabidopsis 
(Figure 21). Limited information about these ORFs and the genes 
which encode them does not assist in determining function of the 
TUP gene product or if these similar proteins are homologs. 
Determining TUP protein accumulation patterns 
To distinguish a single protein from among what can be a large 
number of proteins present in an extract, a tool is needed to identify 
that particular protein. Antibodies bind to specific protein sequences 
and folding patterns. Therefore, I generated antisera against the 
synthetic peptide TUP.38 (amino acids 23-60) to use as a tool to 
identify the TUP protein in plant extracts. The antisera recognizes 
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cath. 
pigl 
cowl 
TUP 
cath. 
pigl 
cowl 
TUP 
cath. 
pigl 
cowl 
TUP 
cath. 
pigl 
cowl 
TUP 
1 50 
QLRYREAVLR AVDRLNEQSS 
METQRASLCL GRWSLWLLLL ALWPSASAQ ALSYREAVLR AVDRLNEQSS 
MQTQRASLSL GRWSLWLLLL GLWPSASAQ ALSYREAVLR AVDQLNELSS 
MAQ QMMNLFFWL AVWAAASAQ 
51 100 
EANLYRLLEL DQPPKADEDP GTPKPVSFTV KETVCPRPTR QPPELCDFKE 
EANLYRLLEL DQPPKADEDP GTPKPVSFTV KETVCPRPTR QPPELCDFKE 
EANLYRLLEL DPPPKDNEDL GTRKPVSFTV KETVCPRTIQ QPAEQCDFKE 
EM APAPSPDMGS GFSLPVS 
101 
KQCVGT VTLNP. 
NGRVKQCVGT VTLNP. 
KGRVKQCVGT VTLDP. 
150 
.SI HSLDISCNEI QSV* 
.SI HSLDISCNEI QSVRRRPRPP YLPRPRPPPF 
. SN DQFDLNCNEL QSVILPWKWP WWPWRRG* . . 
TAWGTSL VFSLVALFRH* 
151 175 
FPPRLPPRIP PGFPPRFPPR FPGKR* 
Figure 19: Alignment of cathelin-like proteins. These 
sequences are alighned by the Pileup algorithm of the Genetics Core 
Group database. The sequence for cathelin (cath.) was taken directly 
from Ritonja et al. 1989 (55). The pigl sequence is PR-39, assession 
number pirlJN0899, the cowl sequence is indolicin, assession number 
splP33046. The TUP sequence is divided into the areas it is most 
similiar to the other three proteins; the unique C-terminus is listed 
with the antibacterial domain of the pigl and cowl proteins. The 
numbering is based on the pigl (PR-39) sequence. A period denotes 
a gap created to optomize alignment; an asterisk denotes the end of 
the protein. 
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tobacco MAYSRMMFAT IFALVAGSAF AQAPGASPAA SPKASPVAPV ASPPTAW. 
TUP MAQQMMNLFF WLAVWAAA SAQEMA.PAP SPDMGSGFSL PV.STAWG 
50 
tobacco TPVSAPSQSP STAASPSESP LASPPAPPTA DTPAFAPSGG VALPPSIGS 
TUP TSLVFSLVAL FRH* 
100 134 
tobacco APAGSPTSSP NAASLNRVAV AGSAWAIFA ASLMF* 
B 
Chiang. 191 SPSPSPYYGGYGNYGPSNPTYGS 213 
tobacco 98 APAGSPTSSPNAASLNRVAVAGS 120 
bras si 103 APTPGPEVLDGSATNVKLSIAGT 125 
brass2 103 APTPGPEVLDGSATNVKLSIAGT 125 
TUPl 26 APAPSPDMGSGFSLPVSTAWGT 48 
Figure 20: Alignment of hydroxyproline-rich proteins and TUP 
protein. Part A is an alignment of the Nicotiana tabacum 
arabinogalactan protein (assesion number U13006) and the TUP 
protein produced by the Pileup algorithm of the Genetics Core Group 
database. Identical amino acids are in bold. The numbering is based 
on the Nicotiana tabacum sequence; periods are introduced to 
optomize alignment; asterisk denotes end of protein. Conserved 
amino acids are included in the boxed sequences. Part B is a Fast A 
generated alignment of TUPl to a region similar in several 
hydroxyproline-rich cell wall proteins. Sequences are taken from the 
GenBank database. Assession numbers: chlamy = Chlamydomonas 
reinhardtii, #JQ2220, tobacco = Nicotiana tabacum, # U13006, brassl 
= Brassica napus, #L47352, brass2 = Brassica napus, #L47351. This 
region of several arabinogalactan protiens was recurrently aligned to 
the same region of the TUPl protein. The alignment has an identity 
(exact alignment) of -34% and a similarity (an assessment of 
homology including conserved amino acid changes) of -50%. 
1  
TUP .MAQQMMNLF 
p22233 .MAISKASIV 
tc9765 .MAISKASIV 
tc8279 MMTKMFVQIA 
FWLAVWAA ASAQEM. . . . 
VLMMVIXSW ASAQSE.... 
VLMMVIISW ASAQSE. . . . 
WCLLATMAV VSAHEGHHHH 
..APAPSPDM G.SGFSLPVS 
..APAPSPTX GSSAISAALX 
..APAPSPTS GSSAISASFV 
APAPAPGPAS SSTWSATNM 
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TAWGTSLVF SLVALFRH* 
SAGVAAV 
SAGVAAVAAL VFGSALRI* 
FTVLAIAAVA LWGSNH* . 
Figure 21: TUP protein is similar in sequence to ORFs in Arabidopsis 
ESTs. This is an alignment of the TUP protein with three ORFs from the 
Arabidopsis EST database. Periods denote spaces to optomize alignment 
of the amino acids; an asterisk denotes the end of the ORF. Note that 
the protein p22233 does not have the asterisk due to incomplete sequence. 
Protein cleavage algorithms predict a cleavage of the leader sequences 
in each peptide to be at amino acid 23, except tc8279 where the cleavage 
occurs at amino acid 24. Protein prediction algorithms at the GenomeNet 
database in Japan suggest all the proteins except p22233 are potential 
candidates for the GPI-anchor, and a probability of 88-91% that the proteins 
are plasma membrane associated. 
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Figure 22: Anti-TUP38 antisera recognizes the TUP.38 protein. 
Decreasing mass concentrations of the TUP.38 synthetic peptide 
were electrophoresed on a denaturing polyacrylamide gel and 
blotted to nitrocellulose membrane. The membrane was probed 
with a 1/200 dilution of antisera; '25i_ia5ieled protein A was used 
as a secondary probe. 
the antigen down to approximately 5 pmoles of the peptide (Figure 
22). The TUP. 12 peptide (amino acids 48-60) did not generate sera 
containing antibodies which could bind the TUP.38 peptide or itself 
(data not shown). 
My initial assumption was that the organ which contained the 
highest accumulation of the mRNA would also contain measurable 
levels of the protein; therefore, the initial extracts came from roots of 
adult plants. Different buffer systems can extract proteins with 
different efficiencies; therefore, the initial extracts included the 
different buffers listed in Table 4 to determine the best conditions 
for the extraction of the TUP protein. Extractions with these buffers 
did not yield a consistent, repeatably observed protein band when 
analyzed with anti-TUP38 antisera (see Figure 23 for representative 
blot). I measured the pH of the various buffers to determine if pH 
was a reason for the inconsistent observations of the recognized 
protein (Table 6). This table shows that pH of the H-SDS extract 
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Figure 23: Effect of various buffers on the extractability of the 
TUP protein. Various buffers were used to extract carrot roots to 
determine which buffer system yeilded the most optimal extraction 
of the TUP protein. The buffers differed in both buffer type and 
pH. Acetic acid (HOAc) = pH 2.6; MES = pH 5.3; Tris = pH 7.2; 
NaCarbonate (C03) = pH 10.0. The pellets of all extracts were re-
extracted with a SDS-Tris pH 7.5 buffer to extract hydrophobic 
proteins which were also electrophoresed on the same gel; H/SDS = 
acetic acid; M/SDS = MES; T/SDS = Tris; C/SDS = NaCarbonate. One 
pmole (3.9 ng) of TUP.38 synthetic peptide was included as a 
positive control. The gel was blotted to nitrocellulose and probed 
with anti-TUP38 antisera; '^si-iabeled protein A was used as a 
secondary probe. 
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Table 6: pH of Extraction Buffers and of Carrot Root Protein Extracts 
Figure 23 Extracts 
Original Buffers Figure 24 Extracts 
Aqueous Extracts SDS Extracts 
HOAC Buffer-4.0 
MES Buffer - 5.0 
P04 Buffer - 7.0 
COS Buffer -10.0 
Acid-SDS - 2.5 
Alkaline-SDS -7.5 
HOAc - 4.0 
MES - 5.0 
P04 - 7.0 
COS - 9.0 
H/SDS - 5.0 
M/SDS - 5.0 
P/SDS - 7.0 
aSDS - 8.0 
Acid-SDS 4.0 
Alkaline-SDS 6.0 
Alk.-SDS reext. 3.0 
Acid Pretreat. 4.0 
Legend: HOAc = acetic acid, MES = biological buffer, P04 = phos )hate, COS = carbonate 
H/SDS, M/SDS, P/SDS, C/SDS are re-extractions of the aqueous extracts 
listed in column 2 using the Alkaline-SDS buffer. 
Alk.-SDS reext. = re-extraction of the Alkaline-SDS pellet using the 
Acid-SDS buffer 
Acid Pretreat. = pretreatment of the root extraction with the HOAc buffer 
followed by an Alkaline-SDS extract of the pellet; pH measurement 
of the SDS extract only. 
(HOAc, then SDS treatment) containing the antibody-bound protein 
seen in Figure 23 was lower than the original SDS buffer and lower 
than other extracts. 
I formed an hypothesis that the protein was extractable from 
systems involving a change in pH, To test this hypothesis, roots were 
extracted with SDS buffers listed in Table 4 that were acidic and 
alkaline, as well as re-extracting the alkaline-SDS extract pelleted 
material with the acidic-SDS buffer (Figure 24). This experiment 
included a treatment involving an aqueous, acidic buffer 
pretreatment followed by an alkaline-SDS extract which reproduced 
the extract conditions yielding the initial observation (Figure 23). 
None of these extractions contained the protein previously 
recognized by anti-TUP38 antisera. 
SDS-Tris buffered solutions yield an extract containing 
membrane-bound and soluble proteins ("total protein"); therefore. 
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Figure 24: Effect of acid vs. alkaline pH on the extraction of 
the TUP protein from carrot roots. One half gram of carrot roots 
were extracted with an acidic-SDS buffer pH 2.5 or an alkaline-SDS 
buffer pH 7.5; the alkaline-SDS pellet was reextracted with the 
acidic-SDS buffer. One half gram of ground carrot roots were also 
pretreated with an acetic acid buffer pH 2.6, pelleted, and then 
extracted with the alkaline-SDS buffer. Fifty microliters of extract 
was electrophoresed on denaturing polyacrylamide gels, blotted, 
and probed with 1/200 dilution of anti-TUP30 sera; 125-1 labeled 
protein A was used as a secondary probe. 
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further extracts used the SDS-Tris buffer to extract carrot organs to 
determine if a measurable protein recognized by anti-TUP38 antisera 
was present in any carrot organ (Figure 25). These results show that 
the antisera recognizes several proteins in leaves, cotyledons, flower 
stem, and flowers, but not in seed or root. In leaf extracts, four 
protein bands are detectable. The largest protein and most 
prominent band is approximately 45 kDa, and is present in leaves, 
cotyledons, stems, and flowers. The other three bands are 25, 18, 
and 11 kDa in size; the 18 kDa band is the second most intense band. 
The 25 and 11 kDa proteins are not detectable root, stem, flower or 
seed extracts. The 18 kDa band is detectable only in leaves and 
cotyledons. 
Defining TUP as a cytosolic or membrane protein 
Computer predictions suggest that the TUP protein could be 
antibacterial (aqueous), arabinogalactan-like (aqueous), or GPI-
anchored (membrane-bound). To determine whether the antibody-
recognized proteins were from the cytosolic or membrane-bound 
portions of the extracts, specially prepared homogenates of leaf and 
root extracts at were centrifuged at high speeds to separate soluble 
from membrane-bound fractions, and analyzed these extracts on 
stained and blotted gels (Figure 26). The leaf cytosolic, soluble 
fraction contains four anti-TUP38 recognized proteins which are 
approximately 45, 25, 18, and 11 kDa in size. The leaf membrane 
fraction contains a single protein of approximately 48 kDa. No 
detectable proteins are present in the root extracts. 
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Figure 25: Presence of anti-TUP38 recognized proteins in 
carrot organ protein extracts. Carrot organs were extracted with an 
SDS-Tris buffer to obtain a "total protein" fraction which were 
subsequently electrophoresed on denaturing polyacrylamide gels 
and blotted to nitrocellulose. The membrane was probed with a 
1/200 dilution of anti-TUP38 antisera followed by '25i_iabeled 
protein A as a secondary probe. Standards are listed in kiloDaltons. 
Figure 27 demonstrates that the fractions are relatively clean 
with respect to cytosolic proteins contaminating the membrane-
bound fraction. The leaf-membrane lane does show a higher 
background relative to the other lanes, which could indicate that 
some biotin-containing protein fragments are present. Note, 
however, that the root-membrane lane is clear; also, upon longer 
exposure of the blot, even the non-biotin containing molecular 
weight markers showed a high level of radioactivity, indicating that 
the protein A probe has some non-specific binding component. 
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Figure 26; Anti-TUP38 antisera recognize proteins in both 
cytosolic and membrane-bound fractions. Carrot leaves and roots 
were homogenized in a HEPES-buffered solution and cetrifuged at 
3000g to pellet debris. The homogenate was centrifuged at 
100,000g to separate cytosolic from membrane-bound protein 
fractions. The cytosolic fraction was acetone precipitated to 
concentrate the proteins. The debris from the extract pellet was re-
extractedwith a SDS-Tris buffer. The cytosolic and the membrane 
fractions were dissolved in a SDS-Tris buffer. These fractions were 
electrophoresed on a denaturing polyacrylamide gel along with the 
homogenate prior to ultracentrifugation. The TUP.38 peptide, 3.9 
ng, was included as a positive control. The gel was blotted to 
nitrocellulose and probed with a 1/200 dilution of anti-TUP38 
antisera and then incubated with '^si.iabeled protein A as a 
secondary probe. 
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Figure 27: Cytosolic vs. membrane fractions checked with 
streptavidin probe. Fifty microliters of leaf and root preparations 
of cytosolic and membrane-bound proteins fractions used in Figure 
26 were electrophoresed and blotted, and then probed with 125£. 
labeled streptavidin, a protein which binds specifically to biotin 
molecules. Biotin containing enzymes are localized only in the 
cytosolic fraction of cells. 
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Leaves, cotyledons, and stems do not accumulate the T U P  
mRNA to any significant levels (see Figure 13). Prevailing models of 
translation present a system were the mRNA accumulates and is 
translated at the site of transcription and that the protein is located 
at the site of translation. Systems which are exceptions to these 
models are peptidergic hormones (e.g. mammalian growth hormone 
and plant systemin). which once translated, are transported to the 
site of signal recognition. These proteins typically have short half-
lives so as to control the signal transduction which the hormones 
initiate. Therefore, because the anti-TUP antisera does not recognize 
a protein of predicted size (6.2 kDa; 3.9 kDa for the mature form) and 
because the antibody-recognized proteins are predominately 
detected in tissues which do not accumulate the mRNA to significant 
levels, I hypothesized that the anti-TUP38 antisera does not 
recognize the TUP ORF peptide. 
To determine the veracity of this hypothesis, I incubated a 
replicate blot of root and leaf cytosolic and membrane fractionations 
with pre-immune sera taken from the rabbits prior to the injection 
of the synthetic peptides (Figure 28A). The 45 and 11 kDa proteins 
are clearly visible in the cytosolic fraction of the leaf, demonstrating 
that these antibody-recognized proteins are from an already 
established immune response and are not the result of an immune 
response to the TUP.38 synthetic peptide. 
That the pre-immune sera did not recognize proteins in the 
debris or membrane extracts was puzzling. In order to determine if 
proteins in these extract lanes were available for binding to 
Figure 28: Pre-immune sera recognizes a sub-fraction of the 
proteins detected with the anti-TUP38 antisera. Fractions from the 
roots and leaf cytosolic and membrane-bound preparations were 
electrophoresed on denaturing poiyacrylamide gels, blotted and 
probed with a 1/200 dilution of pre-immune sera (blot A) or anti-
TUP38 sera (blot B); ^^si.^abeled protein A was used as a secondary 
probe. STDS: combined high and low molecular weight standards. 
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antibodies, I re-probed the same blot with the anti-TUP38 antisera 
without removing the pre-immune antibodies (Figure 2SB). The 
same protein patterns in Figure 26 are reflected in Figure 28B, 
showing that the proteins are present, and that the anti-TUP38 
antisera has a heightened sensitivity to proteins detected in pre-
immune sera, as well as additional proteins not observed with pre-
immune sera. 
The rabbits used to generate the antisera clearly had a immune 
response recognizing proteins endogenous to carrot leaves prior to 
injection with the TUP synthetic peptides. This pre-immune 
response could be to the TUP polypeptide, and further injections 
enhanced the sensitivity. Alternatively, the injection of the peptides 
and the adjuvant could have merely enhanced the entire immune 
response system and thereby increased the detection capability of 
the pre-immune response. I do not know of any reported 
investigations concerning the latter possibility. The observed 45 kDa 
and 11 kDa proteins are present in the pre-established response. 
Whether the 25 kDa and 18 kDa proteins are due to the injection of 
the TUP.38 synthetic peptide remains to be determined. The pre-
immune detection capability further complicates the use of these 
antisera in observing the TUP polypeptide and supports the null-
hypothesis. 
Endeavors to isolate the anti-TUP38 recognized proteins 
I further tested the hypothesis concerning antibody-
recognition of TUP by attempting to isolate the recognized proteins. 
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Once proteins are isolated and purified, it is possible to determine a 
portion of their linear amino acid sequence. This information can 
then be compared to the predicted amino acid sequence of the ORF to 
determine if the antibody-recognized protein(s) are indeed the 
product of the TUP gene or if the protein(s) are related in sequence 
structure to the TUP gene. I chose the leaf cytosolic preparation 
because the majority of the recognized proteins are in the leaf 
cytosolic fraction which has the added benefit that the fraction does 
not contain any detergent which can affect immune-precipitations. 
The homogenate, membrane, and antisera-only treatments are 
present as controls and standards for comparison (Figure 29). The 
gel clearly shows the large and small polypeptides of the IgGs from 
the antisera, but the antibody-recognized proteins are not detectable. 
This could be due to several factors; 1) the proteins are not 
recognized in their "native" state (the protein blots are from a 
denaturing gel system), 2) the precipitated proteins are present but 
at levels too low for detection by coommassie stains, 3) the 
precipitation procedure did not work. I did not include a 
precipitation of a known protein with an antisera as a control; 
however, note that the protein A - sepharose did bind to and isolate 
the IgGs from the sera; therefore, if the procedure did not work, it 
was due to an interference of unknown nature in the binding of the 
antibodies to their target ligands and not due to the failure of the 
protein A to bind and precipitate the IgGs. 
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Figure 29: Immune-precipitation of the anti-TUP38 
recognized proteins in leaf extracts. Three hundred microliters of 
the leaf homogenate, cytosolic, and membrane-bound fractions 
were incubated with 100 |xl of anti-TUP38 antisera at 4oC for 4 
hours in a total volume of 6 ml. One hundred microliters of antisera 
was incubated under the same conditions without any protein 
extract to serve as a control. The IgGs were then precipitated with 
protein A - sepharose, and the pellets thoroughly washed. Pellets 
were resuspended in SDS-Tris buffer and boiled to release the IgG 
subunits and any bound proteins. 1/3 of the SDS extract was 
electrophoresed on denaturing polyacrylamide gel, fixed, and 
stained with colloidal coomassie blue. The outer column of numbers 
to the left of the figure represent the apparent molecular weights of 
the High Mw STDS; the inner column of numbers represents the 
apparent molecular weights of the Low Mw STDS. 
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Testing proposed functions of TUP 
Computer comparisons suggest that the TUP protein could be 
part of the cathelin family of antibacterial proteins. Moreover, many 
small peptides are hormonal and morphogenic in nature (e.g. 
mammalian hormones ACTH and growth hormone, and the plant 
hormone systemin). 
Table 7: Effect of TUP.38 peptide on growth of bacteria and fungus 
Control Bacterial Assay Fungal Assay 
Water 
DMSO 
Mineral Oil -
Hexane 
Antibiotic +++ 
DMSO/peptide -
Oil/peptide 
Hexane/peptide -
Banrot + 
DMSO/peptide -
Oil/peptide 
Hexane/peptide -
Legend: -: no observed affect relative to control +: growth inhibited around the area 
I tested the antibacterial and antifungal potential of the TUP.38 
and TUP. 12 synthetic peptides on agar-media assays, a common 
method of testing the antimicrobial function of proteins (see 
references 51, 53, and 60). A variety of solvents were used to 
present the peptides. This variety of solvents presented the peptides 
in soluble (e.g.. DMSO) or dried form (e.g.. hexanes residue). Table 7 
shows that the peptides had no affect on the growth habit (did not 
create a zone of growth inhibition around the wells) of Bacillus 
subtilis. Bacillus thuringiensis, Agrobacterium tumefaciens, 
Escheriscia coli, or Sclerotinia sclerotiocum. These results could 
imply that the peptides are not antimicrobial in nature. However, 
the synthetic peptides could have be modified in some way during 
the chemical synthesis/purification process, or the peptides could 
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lack a post-translational modification added in vivo, either possibility 
contributing to the lack of function. 
I also tested the morphogenic potential of the TUP.38 peptide 
in carrot callus culture. A broad range of concentrations, from 100 
mM to 100 pM, were used. Figure 30 shows that the peptide did not 
have a morphogenic affect on the growth and structure of carrot 
callus cells as measured by light defraction in phase and dark-field 
optics of a microscope. In all cases, the cells maintained the same 
ratio of embryogenic masses and non-embryogenic cells as well as 
the same general cellular morphology. The use of phase-contrast and 
dark field optics shows that the cells did not change in intracellular 
contents as seen by the similarities in defraction. These results are 
not unequivocal because of the same uncertainties listed previously 
for the antimicrobial assays. 
Figure 30: TUP.38 has no affect on the growth and morphology 
of carrot callus cells. Carrot callus cells were grown in liquid, 
nutrient media with various concentrations of TUP.38 or DMSO 
(control) for one week. Cells were photographed after two days; no 
changes were observed even after seven days of culture. A-F: DMSO 
controls. G-L: TUP.38 treatment. A-C, G-I: phase contrast optics. D-F, 
J-L: dark field optics. A, D: 0.1% DMSO; B, E: 0.1x10-3% DMSO; C, F: 
O.lxlO-6% DMSO. G, J: 100 ^iM TUP.38; H, K: 100 nM TUP.38; I, L: 100 
pM TUP.38. 
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CHAPTER 4: CONCLUSIONS 
Regulation of the T U P  gene and implications as to function 
The preceding chapters of my thesis describe an embryo-
expressed gene entitled Tiny Up-regulated Protein (TUP) which is 
unique as to it's protein-product size, amino acid sequence, and 
protein structure. The initial experiment, sequencing the cDNAs and 
the gene, shows that the transcribed region of TUPl gene is 
structured as a single, uninterrupted exon, encoding a 402 bp mRNA 
(excluding the polyA post-transcriptional modification) which 
contains a 60 amino acid open reading frame. I formulated and 
tested the following hypotheses concerning this gene: 
1) Because the T U P  gene is auxin-regulated in tissue culture, it 
may be involved in growth and development in plants. 
2) Based on similarity to antibacterial proteins, the T U P  gene 
product may have a role in defending the plant against microbial 
invasion. 
The accumulation of the T U P  mRNA varies depending on the 
organ type and growth regulators (see Figures 13, 14 and 15). The 
TUP mRNA has highest accumulation in root and flower of Daucus 
car Ota (Figure 13) which is a different pattern than other auxin-
inducible genes. The PS-IAA genes, a diverse set of nuclear proteins, 
are present in various organs depending on the specific gene, but in 
general, show a ubiquitous expression pattern in Arabidopsis plants 
(108). The small auxin-regulated genes (SAURs) are present in the 
epidermis and cortex of the hypocotyl of soybean seedlings (109). 
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However, the G H 3  mRNA, an auxin-inducible mRNA isolated from 
auxin-treated soybean hypocotyls (110), does accumulate to a 
greater level in roots and flowers and is not detectable in the other 
organs prior to exogenous application of auxin (109). Although this 
mRNA blot pattern parallels the TUP mRNA blot pattern, in situ 
hybridization reveals that the accumulation of GH3 mRNA increases 
in hypocotyls after application of auxin. Since the in situ 
hybridization studies remain equivocal, my data could not resolve 
whether the TUP gene follows this in situ pattern (Figure 16). This is 
unfortunate, since mRNA localization has been crucial in correlating 
other rapidly induced, auxin-regulated mRNAs to regions of cell 
elongation and therefore plant growth (109). 
Figure 14A shows that the amount of the T U P  mRNA responds 
to auxin and to abscisic acid. Treating seedlings with both auxin and 
with another growth regulator does not reveal any synergistic nor 
antagonistic interactions controlling TUP mRNA accumulation (Figure 
14B). TUP mRNA accumulation appears to respond to auxin 
treatment within 30 minutes as demonstrated by the time course 
following auxin application which is similar to other auxin-regulated 
genes involved directly in cell elongation and plant growth (Figure 
15). The PS-IAA genes and the small auxin-regulated genes (SAURs) 
respond within minutes to auxin application (108 and 110). 
However, the T U P  mRNA does not exhibit an increasing accumulation 
over time; instead, it's accumulation appears to quickly plateau 
which is in contrast to the other auxin-inducible genes (110, 111). 
Therefore, whether the TUP gene is directly involved in plant growth 
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and development remains equivocal based on the experiments 
presented in this thesis. Fusion of the TUP\ promoter region to a 
reporter gene (e.g.. P-glucuronidase) could circumvent the problems 
encountered in the in situ analysis and thereby demonstrate 
localization of TUP expression which could aid in resolving the 
ambiguity. 
Protein structure and implications as to function 
The TUP protein is translated as a 60 amino acid precursor of 
6194 Daltons. This protein is largely hydrophobic, containing a 
leader sequence which suggests that it is translocated to the lumen 
of the endoplasmic reticulum. If, as determined by cleavage 
prediction algorithms, the leader sequence is removed at amino acid 
22, this leaves a mature peptide of 38 amino acids, 3901 Daltons. 
The predicted secondary structure of the mature protein is largely 
undetermined except that the amino acids 49-60 hydrophobic and 
are most likely in alpha-helical formation. The large number of 
prolines within the central portion of the TUP protein are most likely 
the reason that computer predictions of secondary structure for this 
domain are ambiguous. 
The TUP polypeptide sequence organization is like that of the 
antibacterial proteins: leader sequence targeting the peptide to the 
ER and secretory pathway, internal domain of unknown function, and 
a unique C-terminus which acts as the antibiotic. The TUP protein's 
alpha-helical C-terminus could insert into the hydrophobic layers of 
the bacterial membrane, disrupting organization and/or forming lytic 
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pores. Other antibacterial peptides are known to work in this 
manner (54). 
To determine the possible function of the TUP protein, I have 
tested the synthesized TUP peptides for antibacterial and antifungal 
activity in microbial plate assays (Table 7). I have also tested 
whether the TUP protein has a morphogenic capability by adding the 
synthesized proteins to callus cultures in various concentrations to 
see if they induced a morphologic change in cell structure (Figure 
29). Both sets of function assays showed no difference between 
treatments and controls. 
Together, the antimicrobial and RNA assays suggest that the 
TUP gene is not involved in protecting the plant from microbial 
infestation. Note that the TUP mRNA did not increase in response to 
jasmonate nor salicylate treatments, hormones involved in signaling 
microbial invasion (Figure 14). Moreoever, the incubation of 
seedlings with the fungus Sclerotinia sclerotiorum decreased the 
accumulation of the TUP mRNA (Figure 13). However, because the 
proteins used are synthetic in origin, they may lack important post-
translation modification(s) or associated protein(s) which aid in 
function. Also, the processing of the TUP protein is assumed; the 
peptides used may not represent the full-length TUP protein. Known 
antibacterial proteins are not post-translationally modified with non-
proteinaceous moieties (phosphates, lipids, or carbohydrates), but 
they are cleaved into the distinct domains (60, 112). Alternatively, 
the synthetic TUP proteins may have some modification introduced 
during the synthesis which could obstruct activity. Any of these 
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possibilities could contribute to the lack of response in the function 
assays. 
Revisions of the original liypotheses 
The growth regulator substances 2,4-D (auxin) and abscisic acid 
do contribute to the increased accumulation of the TUP mRNA. These 
growth regulators are known to contribute to embryo and seed 
development, germination, and also to have various roles throughout 
plant development (113). Auxin does increase the elongation of 
hypocotyls and the expression of certain genes in soybeans (111). 
Whether the TUP gene is affected in a similar manner could be tested 
by treatments of carrot seedlings with 2,4-D, and the isolation and 
analysis of mRNAs from dissected cotyledons, hypocotyls, and roots. 
However, exogenous applications of plant hormones and the 
affect these have on TUP mRNA accumulation cannot, on their own, 
establish the specific role that the TUP gene contributes during the 
plant life cycle. For example, although auxin has a renown role in 
plant growth, and abscisic acid is well known for it's role in water 
stress, both auxin and abscisic acid have roles in photosynthate 
assimilation in source and sink organs. Auxin enhances phloem 
loading and sink activity which abscisic acid inhibits (114). Abscisic 
acid can inhibit phloem loading, but it can also enhance phloem 
unloading at sinks (115). Therefore, further studies involving 
e x p e r i m e n t a l  t e c h n i q u e s  d e s i g n e d  t o  a d d r e s s  o t h e r  f a c e t s  o f  T U P  
expression are needed in combination with the growth regulator 
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affect on mRNA accumulation to gain a better understanding as to 
the role TUP adds in plant development. 
The antimicrobial assays combined with the RNA accumulation 
studies suggest that the TUP gene does not participate in defense 
responses. Computer predictions of homologies to other proteins as 
well as TUP structure suggest other avenues of investigation. 
Arabinogalactan proteins, which share some similarity to TUP, are 
part of a class of cell wall proteins which are rich in proline and 
highly glycosylated (107). Some are even membrane bound. If the 
TUP protein is similar to the arabinogalactans, it may be O-
glycosylated at the proline residues as are these proteins. Two 
experimental techniques may help determine if the antisera-
recognized proteins are related to TUP. Yariv's antigen specifically 
precipitates arabinogalactans as an red-orange complex (107, 113). 
A study comparing the cytosolic and membrane-bound proteins 
detected by antibodies with those detected by Yariv's antigen on 
protein blots could provide a correlative relationship between 
arabinogalactans and TUP (113). One could also test the hypothesis 
that these anti-TUP38 detected proteins from carrots leaves are 
highly modified by glycosylation by deglycosylating the protein 
extracts with hydrofluoric acid or endoglucanases and then 
determining a change in apparent molecular weight on protein blots 
(113). 
The computer algorithm PSORT suggests that the TUP protein is 
related to GPI-anchored proteins (see discussion in Chapter 3, section 
"Examination of the TUP polypeptide for predicted structure and 
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related proteins"). Note that the antisera directed against the 
synthetic TUP.38 peptide recognizes proteins of much larger 
molecular weight than expected for the unmodified mature form of 
TUP (Figure 25, membrane-bound lanes). Other investigators have 
noted that the GPI-anchor causes the protein to run at a much larger 
apparent molecular weight (64). The accepted criteria for identifying 
a protein which is GPI-anchored is to feed radiolabeled ethanolamine 
to cells producing the protein and then immunoprecipitate the 
labeled complex (65). Ethanolamine does not covalently attach to 
proteins except in cases of the GPI-anchor (65, 66). Further tests 
could involve the removal of the endoglycans or the phospholipid 
demonstrating a reduction in the apparent molecular weight (64). 
These investigations concerning the nature of the antisera-
recognized proteins do not directly address the hypothesis 
correlating TUP and plant development; moreover, the results rest on 
an assumption that the antisera which recognizes the TUP 
polypeptide is not cross-reacting with other, unrelated proteins. An 
additional line of investigation directly disrupting the endogenous 
activity of the TUP gene is needed. Over-expression (sense mutants) 
and under-expression (antisense mutants) would vary the normal 
levels of the TUPl gene products. This variation could be measured 
by both the nucleic acid probes for RNA and antisera for protein. 
Furthermore, these mutations could potentially demonstrate a 
change in normal development of the plant. If a phenotype is 
correlated with these mutants, it could serve as a tool to investigate 
TUP homologs in other species. Since similar proteins have been 
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observed in Arabidopsis (Figure 21), a screen for mutants in this 
genetically defined specie may also aid in determining the function 
of TUP. 
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graduate studies: Dr. Paul Pearson, Drs. Ned and Virginia Crane, Drs. 
Tom and Sharon Marsh, Drs. David and Nicole Higgs (you may not 
have the degree, Nicole, but you have the experience for an honorary 
degree), Drs. Martin and Melissa Allen, Mr. John and Dr.-to-be Cheryl 
Bartelson, Dr. Bruce and Jody Held, Dr. Larry and Kathy Rice, Paul 
Ovrum and Stephanie Elliot (Masters in their respective fields; stoop-
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sittin' will never be the same), and George who always welcomed me 
and cheered me up and who provided me with much needed beer. 
I also am very thankful to my parents who have encouraged 
me throughout this endeavor, who have restored my morale on 
innumerable occassions, who have listened patiently as I ranted and 
raved as to the extraordinary pressures I felt, who have always 
loved me and hoped for the best in my career, and who have 
provided me with the needed roles of Christ-like attitudes. 
I have thought carefully about an ending quote, the infamous, 
pithy lines which summarize the whole, and have contemplated the 
famous speech by Dr. Martin Luther King, the quotable lines of King 
Solomon concerning the endless writing of books, and the humorous 
soliloquy of Huck Finn about goin' west to avoid being civilized, and 
have chosen instead a quote told to me by Dr. Ned Crane spoken by a 
former black slave after the civil war: 
"No mo' dat." 
